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ABSTRACT 
ALBEDO OF THE EARTH'S SURFACE--A COMPARISON OF 
MEASUREMENTS TAKEN ON THE GROUND 
AND FROH FLYING PLATFORMS 
by 
Frank D. Eaton, Doctor of Philosophy 
Utah State University, 1976 
Major Professor: Dr. lnge Dirmhirn 
Department: Soil Science and Biometeorology 
xiv 
The main objectives of this study were to develop the indicatri os 
of reflected solar radiation from different natural surfaces and to 
s how comparisons between values sensed in space of emergent radiation 
t o ground values obt3ined from accounting for anisotropic reflection 
and estimating the effect of the intervening atmosphere. Thus, this 
study demonstrated that a prior knowledge of the angular dist ribution 
of reflected radiation allows determining the true hemispherical 
reflected radiation from a narrow fie ld of view instrument such as 
found on a flying platform. Measurements for determining the 
i ndicatrices ~vere made from a tower-mounted Nimbus MRIR and, in one 
case , ;lith a hand-held TIROS five-channel radiometer. 
Anisotropy of reflected radiation was found for all surfaces 
examined and increased with decreasing solar angle. Different surfaces 
showed different degrees and patterns of fon;ard and backscatter. A 
clearly defined anti-so lar point was found for plowed field, various 
agricultural crops and vegetated desert surfaces, 'hlhile snow, the 
Alkali Flats, and Bonneville Salt Flats showed a broad nattern of 
XV 
backscatter. As a consequence of surfaces exhibiting ~<ell-defined 
antisolar points the anisotropic correction factors relating normal 
reflectances to 2n reflected values were less than 100 ~ercent for 
solar angles greater than approximately 60° . All surfaces examined 
showed anisotropic correction factors increasing with d~creasing 
solar angles. 
The albedo over the \,lhite Sands dune field decreased ~<ith 
decreasing solar angles due to large shadow patterns which are 
produced at low solar angles. The sand dunes values ~<ere derived 
from aircraft measurements . 
Comparisons were made between estimated emergent radiation from 
the top of the earth's atmosphere accounting for anisotropy of the 
ground reflection pattern and estimates of atmospheric attenuation 
to values of reflected radiation obtained from the HSS subsystem of 
the ERTS program for the lava beds region and White Sands area in New 
Mexico. Also comparisons were shown betNeen the estimated emergent 
radiation from the earth's surface for the same features and spectral 
bands to the values sensed in space . Under high albedo conditions 
as found in the White Sands area there was a decrease in emergent 
radiation to space while with low surface albedo , such as the lava 
beds region, the extra-terrestrial radiation increased from the 
ground values. 
(184 ~ages) 
INTRODUCTION 
Satellite-mounted radiometers, providing comprehensive coverage 
over the entire earth in both space and time, have been used for many 
years to determine the albedo of terrestrial surfaces and the olanetary 
heat balance. Surface albedo is of vital imoortance since it accounts 
for differential heating of the lower atmosphere while the heat bud ge t 
is connected to general circulation, air mass modification, and regional 
climate. Net heating, represented as the difference between absorbed 
solar radiation and outgoing terrestrial radiation, is the basic enf~gy 
source of the earth-atmosphere system. 
Radiometers aboard space satellites measure the reflected radiation 
from the earth-atmosphere system. For the actual reflected radiation of 
various surface features, the influence of the atmosphere has to be 
taken into consideration. If additional values for the avera~e r eflected 
radiation c lose to the ground are known, the contributing effect of the 
atmosphere can be ascertained. 
Estimates of the mean global albedo have been made using space 
satellite-obtained data. Analyses with both the first ~eneration (TIROS-
type) and second generation (Nimbus and ESSA) instruments showed a 
planetary albedo of 30 percent (Vender Haar and Suomi, 1971). Raschke 
et al. (1973) found annual global averages of the albedo of 28.4 percent 
from measurements made from the meteorological Nimbus 3 satellite. These 
albedo values are in disagreement with earlier computational studie ~ 
by other authors. 
London (1957) calculated the planetary albedo to be 35 percent 
but a re-evaluation o[ this earlier work (London and Sasamori, 1971) 
decreased tl1e results to 33 percent. Tt1ere is concern in the a tmospheric 
science community to explain the discrepancies between these computed 
and measured albedo values. 
Lettau and Lettau (1969) developed a budgetary-type method to 
estimate the albedo at the top of the earth's atmosphere. The results 
were not ex tended to estimate the planetary system but were present •d 
over specific surfaces such as a desert, an open prarie, and an indus-
trialized urban area. In the method, the functional relations expressing 
absorbing and scattering processes of shortwave radiation in the atmo-
sphe r e we re included as well as the absorption at the earth's surface. 
Albedo is the ratio of the total reflected electromagnetic radia-
tion to the total amount of incident radiation on a surface within a 
spec ified waveband such as the solar spectrum. Pyranometers have 
traditionally been used to measure shortwave albedo. They have an 
opening angle of 2rr steradians and sense the total incident or reflected 
radiation if exposed upward or dowmvard, res pee ti vely. 
Since a pyranometer is a hemispherical sensor, the radiant flux 
density received by the instrument is 
2rr 
F f I cos 8 sin 8 d l d8 o (S,a ,o IlJ 
3 
where: 
F radiant flux density 
e zenith angle of reflected intensity 
a. solar azimuth angle 
s solar zenith angle 
intensity (radiant flux density per unit solid angle) over 
the wavelength range of the solar spectrum. 
If the reflecting surface is isotropic and homogeneous, I(S ,a,s) 
is a constan t and by integrating [1] we obtain: 
F J ; J 2TI 
0 0 
Til [ 2] 
Satellite-mount ed radiometers sense a narrow angl e field of view 
in contrast to the 2TI steradian fie ld of view of a pyranometer. From 
equation [2], above , it can be seen that if the surface sensed is iso-
tropic in its reflection pattern, reliable data can be obtained with 
space satellite sensors. However, if the surface viewed is non-
Larnbertian, albedo values derived from satellite data will be in error 
depending on the degree of anisotropy by assuming that the integrated 
directional reflectance is equal to ni. Space- obtained data of reflected 
radiation a re particularly difficult to in t erpret because they are 
dependent on botn the effect of the pattern of reflected radiation from 
the ground surface and tne effect of the intervening atmosphere; both 
of \Yilich are dependent on the nadir angle of measurement. 
4 
Lilbo .--. Jt oey studies, examining the pattern of reflected radiation 
on a m.icroscale, (Coulson, llouricius, and Gray, 1965; Coulson, 1966) 
show a strong dependence of the intensity of the reflected radiation 
on angle of incidence of the radiation, azimuth, and elevation angles 
from wr1ich many natural surfaces were viewed. Hapke and Van Horn (1963) 
similarly studied over 200 surfaces of different materials and textures 
from powders to solid rocks. They concluded from their results of the 
optical scattering properties of the surfaces that the moon is covered 
with a layer of fine dust. Although these conclusions were reached 
before tl1e Apollo program, the re~ults were later verified. 
There are some shortcomings of these studies if the results were 
to be applied to fleld conditions. The light sources used did not 
duplicate the solar spectrum or resemble the combination of both a 
direct solar beam and diffuse component since the laboratory apparatus 
illuminated the surfaces with a single angle of illumination. Also, 
the surfaces view·ed were in general not natural as in the case of soil 
surfaces which were passed through mesh screens and evenly spread out 
on tl1e sample tray. 
The interaction of radiation and surface characteristics differs 
for water surfaces from the mineral surfaces previously discussed. 
Fresnel's law of reflection may be applied to a quiet water surface but 
a natural water surface containing waves or ripples needs different 
treatment. A rough water surface, approached theoretically from a 
standpoint of radiation considerations, involves the interaction of many 
changing slopes with both a direct beam and diffuse component of solar 
radia t ion. 
5 
Burt (1954) compared a semi-theoretical a pproach t o observed 
albedo and included the solar elevation, cloud cover, and distribution 
of slopes on the sea in his model. Wind velocity and turbidity were 
also related to albedo ove r the sea . The results show a positive cor-
relation between effective albedo a nd wind velocity for medi um solar 
angl es and a negative correlation be twe en the same two variab l es f or 
low sola r angles. 
Cox and Munk (1954) co-ordinated aerial photographs with wind 
measurements over the sea to develop statistics of the sea s urface 
derived from sun glitter. The slope distributions of the sea surf ce 
were interpreted. 
Since c louds occupy a l a r ge proportion of satellite imagery and 
have a high albedo, Ruff et al. (1967) s tudied the angula r patte rn of 
reflection of solar radiation by sta tis tica l analysi s of TIROS IV data 
and fou nd a non-isot r opic pattern va r ying with solar zenith angle. Each 
individual c loud could not be s tudie d but reflect ion patterns represen-
t a tive of several clouds we re ob t ained. Very pronounced anisotropy was 
found in the backscatter with large zenith angles. Salomonson (1966) 
using an aircraft-mounted scanning radiometer showed similar results 
over s tratus clouds at large sola r zenith angles. A few flights over 
otner surfaces also exhibited anisotropic reflection patterns. Bar tm an 
(1967) found anisotropic reflec tion from snow surfaces us i ng a Nimbus 
MtUR on a balloon. Aniso tropic ref l ec tion patterns were also found ove r 
cloud, water, and land surfaces with a n MRIR mounted in a Convair 990 
(Brennan , 1969; Brennan and Bandeen, 1970) . Clouds and fores ts were 
found t o have similar patterns of reflection witile the ocean showed 
6 
st r ong s un glitter in the results. All of the indicatrices of reflec t e d 
radiation !lten tioned above include the radiances originating from tl1e 
intervening atmosphere as well as from the surface itself. 
Since the intervening atmosphere contains many variables effecting 
radiative transfer such as temperature, pressure, humidity, clouds, 
carbon dioxide, aerosol number density, aerosol size and composition, 
ozone concentration, lapse rates ,. wind, and convective currents, the 
measurements taken from balloons and hig:1 flying aircraft will be expec-
ted to show different indicatrices than those from ground measurements. 
Ac.tual measurements on tne ground surface were made by Middleton an 
Hungall (1952) witi1 a portable goniophotome t er . Hucb specular reflec-
tion from snow surfaces at high angles of .incidence was found. Chris tie 
(1953) discusses the prou l em of luminous direct ional reflectance from 
s now t t1eoretically and shows the limitations of the apparatus used by 
diddleton and Mungall (1952). Dirmhirn and C:a ton (1975) discuss some 
c11aracter is tics of the albedo of snow in regards to the proper in t erpre-
tation of reflectance data t aken unde r distinct nadir angles. 
In tnis study indicatrices of reflected radiation were developed 
from measurements near the surface, thus eliminating the variables 
associated with the intervening atmosphere. Values of reflectance ob-
tained f rom low flying aircraft were obtained in some instances t o 
determine s pa tial variation of reflec t ance . Finally actual r adiation 
values measur ed with space satel lites were compared t o ground values 
after est imating and accounting for t he effec ts of the int e rvening 
atmospnere. 
Objectives 
The relationships between the actual heat loss by radiative pro-
cesses within the solar spectrum (0.2 to 4.0 lJm) and measurements taken 
with narrow angle instruments from flying platforms were developed by 
the following objectives: 
1. To develop the geometrical characteristics of the reflected 
solar radiation (0.2 to 4.0 ~m) from different surface features 
on the ground. 
2. To obtain data from aircraft and space satellites regarding 
reflected solar radiation during comparable times with the 
ground data. 
3. To estimate the effect of the atmospheric attenuation on the 
flying platform data considering scattering and absorption 
effects. 
4. To combine the results of points 1, 2, and 3, i.e., angular 
distribution of reflected radiation, aircraft-obtained values 
and effects of the intervening atmosphere for determining the 
relationships between the actual reflected radiation of natural 
features and space-obtained values found witn narrow angle 
instruments. 
Description of tne Study Areas 
The s tudy areas included the Bonneville Salt Flats, the White 
Sands dune field and Alkali Flats, a lava bed in southern New Mexico, 
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fields of various agricultural crops including a plo~<ed field near Logan, 
Utah and two desert sites in Curlew ·valley, Utah. 
Ground measurements for the determination of albedo were taken for 
all of the study areas while indicatrices of reflected radiation were 
found for all surfaces except the lava bed and White Sands dune field 
wnich have too large topographical dimensions to permit the indicatri ces 
to be developed from the ground. 
Aircraft measurements were done primarily over the White Sands dune 
field wi th some flights over the Alkali Flats for calibration purposes. 
The satellite measurements were analysed for the lava bed, Whj ·e 
Sands dune field and Alkali Flats, all in southern New Mexico. 
Bonneville Salt Flats 
Tl1e Bonneville Salt Flats were measured in August 1973 and August 
1974 at a site located at a pproximately 40"47 1 latitude and 113"30' 
longitude near Wendover, Utah. The site was on the edge of th e Bonne-
ville Kace Track and was devoid of vegetation. The surfaces were 
compl etely covered with salt crystals and visual observation showed 
differences in the surface characteristics between the two years. In 
1973, the surface was smoother than in 1974. The 1974 surface appeared 
to have had many fissures by which a salt solution exuded and crystallized 
forming small ridges on the surface. 
The climatological station in Wendover, Utah reported an acculmula-
ted precipitation of 6.61 inches for October 1, 1972 to July 31, 1973 
and 2.19 inches for uctober 1, 1973 to July 31, 1974 (Utah Climatologi-
cal Data bulletin, Vol. 74,75,76). It is assumed that the antecedent 
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precipitation produced the differences in t he s urf ace appearances for 
the two consecutive years . 
\f11ite Sands dune field 
and Alkali Flats 
The Wi1ite Sands dune field and Alkali Flats are located in the 
Tularosa Basin in soutnern New ~exico about 15 miles southwest of 
Alamogordo and 50 miles northeast of Las Cruces. The entire region 
occupies approximately 275 square miles of which the Alkali Flats covers 
165 square miles. The sand dunes are comprised predominantly of gypsum 
(CaS04 · 2H 20) crystals with association of some sodium salts (McKee 
1966). Aerial examina tion of the dunes region snows that the sand dunes 
lie in broad bands oriented at right angles to the southwest direc tion 
where Lake Lucero is located, the source of the gypsum. 
Dally wind measurements at Holloman Air Force Base were analysed 
for both speed and freque ncy of direction for a 15-year period (McKee, 
1966). It was found that most moderate (15-25 knots) and strong (above 
25 kno t s) winds are largely from the southwest and occur most frequently 
during March and April. There was also fo und a short period character-
ized by strong north winds in late winter. Winds from other directions 
were generally too weak to be effective in dune development and migra-
tion. Skidmore and Woodruff (1968) di scuss wind erosion forces and 
developed a method of analysis based on the capacity of wind to cause 
soil movement such as found in the sand dune field. 
The dunes f ound in the White Sands dune field are classified into 
four types; dome-shaped, transverse, barchan or crescentic and parabolic. 
These are located in the above order from Lake Lucero (McKee, 1966). The 
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particular form of dune depends on the constancy of wind directio n 
which become s more variable going from Lake Lucero ac ross the dune field 
du e t o interference of the wind caused by the dunes tnemselves. The re 
is a lso a dissipation of energy as the winds blow across the dune field 
wh i ch produc es a deposition of different particle sizes in differ ent 
l ocat ions. 
Most o f the measurements in this study were taken at 32°52' l a ti-
tud e and 106 °17' longitude which is located on the bord e r of til e Alkali 
Flats and barchan dunes, the predominant dune type. The site is on 
Holloman Air Force Base nea r the border to the I.Jhite Sands Nationa 
i'ionument. 
The area west of the sand dunes region is the Alkali Flats whi ch 
is s t ab le and has a smoot h , flat topography. Examination of the su r f ace 
showed it to be composed of a crust with areas of dark coloration, un-
li ke the l oose sand found in the sa nd dunes. Visual observation s hows 
the s urfac e to be enc rus t ed with algae and licl1ens. The surface c r·us t 
o , t il e Alkali Flats appears to be s tabilized by the mi c roflora exce pt 
i n th e vi c inity of seed plants. 
Fletche r a nd Martin (1948) s tudied the pnenomena of the ef fec ts of 
a l gae and molds in the raincrust of desert soils and reported that the 
mold mycelium and algal filaments consolidate the sand particles, reduce 
erosion and influence infiltration. They also found the presence of 
t 11e al gae and molds made separation of the crust for study easier, the 
mi c ro- f l o ra altered soil structure at the surface and the soil fertility 
changed with microbial development. Considerab l y more nitrogen was 
f ound in the crust than in the soil below . Shields, Mitchell and Drouet 
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(l957) s tuJied the aL\a- and li chen- stabilized surface crusts of the 
gyps um fla ts at the i<hite Sands region and reported that Palmogloea 
protuberans associated with Plectonema nostocorum commonly f orms a bright-
green seam 2-5 mm be low the surface and a black-green patchy surface 
grow til which has been observed t o become darker after rain. Lichens 
composed of Heppia and Dermatocar pon spp. form black war t y hummocks on 
the s ur face up to several i nches ac ross. 
Even t ;1ough t he Alkali Flats are heavily encrusted with algae and 
lichens, occasionally l oose gypsum sand is bl own in on top of the stabil-
ized crust and collects in depressions. The tot al area covered by ~his 
l oose sand is generally small, thus th e r e is litt le change in the overall 
reflection characteristics with th e fre sh sand present, except i n t he 
immed iat e nei ghbo rhood of the dunes . 
Plowed fiel d 
The so il surface examined was a plowed f i e ld on the Evans Experi-
mental Farm in Nibley , Uta h , latitude 41°40' and longit ud e 111°50'. The 
soil was mapped as a Nibley silty clay l oam with 0-3 percent s l opes and 
i s a member of the fine, mixed, mes ic family of Aquic Ar giustolls. The 
soil surface had a uniform spa tial appearance a fter plowing. 
Snow sur face 
The snow measurements we re made approximate ly 10 miles \'les t of 
Logan , Ut ah , l a titud e 41°45 ' and l ongitude 112°10' on snow overlying 
dry farm land. The site was genera lly flat and showed no a ppreci able 
drifting . The snow pack was mature and the surface showed a glazed 
appearance. 
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Agricultural crops 
Two alfalfa fields, both in Nib ley, Utah, were used to determine 
tOe indicatrices. In both cases the fields were mature and ready fo r 
cutting. Tne approximate height of t he crops was 2 feet and the foliage 
formed a uniform, dense canopy. 
Sugar beets were measured in 1973 and 1974 on two different f ields 
near Smithfield, Utah, latitude 41"50' and lon gi tude 111"50' . The 
approximate height of the plants was 2 feet with the foliage covering 
most of the soil between the rows . The plants were thinned wi tn an 
electronic thinner and were very uniform in spacing and size. 
Corn was also measured on two fields near Smithfield, Utah. The 
corn ,;as approximately 5 feet tall for the 1973 measurements and 3 feet 
tall for tne 1974 measurements . Bare soil was particularly noticeable 
during the second year of data collection due to the developmental stage 
of the crop. 
Desert surfaces 
The Curlew Valley desert located near Snowville, Utah, latitude 
42"00' and longitude 113"00' was examined in this study. The site 
chosen for the measurements 11as composed of big sagebrush (Artemisia 
trident.ata ) 11ith the height of the individual bushes being approximately 
feet. A mean spacing for the individual plants was about 3 feet. 
Another site, about one-fourth mile from the sagebrush site, was 
a conversion from sagebrush to crested wheat grass (Agropyron cristatwn ). 
The vegetation was dormant at the time of measurement. The individual 
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plants were spaced about 1 foot apart with a mean iteigl1t slightly greater 
than 1 foot. 
A third desert surface studied was the recent lava flow near 
Carrizozo. New Mexico. The measurements were made at 33°17 ' latitude 
and 106°15' longitude. The lava rock is fractured but reiatively un-
weathered. However, the accumulated soil in depressions of the lava 
bed region is capable of supporting around 130 different seed plants 
(Shields, Mitchell, and Drouet, 1957). 
Neasurement of indicatrices 
design and instrumentation 
Procedure 
The indicatrices of refle~ted radi~tjon were determined for various 
surfaces; Bonneville Salt Flat s , White Sands Alkali Flats, ba re soil, 
snow, fields of alfalfa, sugar beets and corn, and desert surfaces of 
sagebrush and crested wheatgrass . 
Figure 1 illustrates the relationship as seen in Equation [1 ]: 
1T 211 
F r- J 
J 
2 I cos8sin8 dadS. 
o o (8,a,~) [1] 
The z-axis is normal to the surface whi l e the x- axis represents the 
direction t owa rd the sun. The nadir angle is shown as 8 while a is 
the solar azimuth angle . 
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Figure 1. Geometry of the hemispherical sensor of a pyranometer. 
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Figure 2. Relationship of cos 8 dw to nadir angle (8) 
For the measurement s , a form of Equation [l] was used as: 
F L L { I( B , a , ~ ) cos 6sin6 6a60}. 
e a 
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[ 3 ) 
A graphica l metnod was developed from Eq uation [3]. First inc r ements 
of solid ang l e for a hemis phere were fou nd using the r elationship of 
infinitesimal solid angle, dw = sin8 dad6. The in c remental steps were 
taken as t he dif fe rence between cones starting a t the cen t er of a sphere 
of which the hemisphere is a pa rt. Another a pproach which yields the 
same result s t ems from def ining a solid angle as the ratio of the area on 
a circums cribed sphere of radius r intercepted by the cone star t in5 from 
the cen t er of a sphere and outlining the area, w = A/r2 . Therefo re in-
cremental zones of a hemis phe r e can be calculated by the r e l ationship; 
2rrrh [4] 
where 
S ar ea of each zone 
r = radius of th e sphere, and 
h al titude of each zone. 
The second s t ep was to multiply each of these values by the cosine 
of t he zenith angle for each increment as expressed in Equation [3]. 
These values we re then plotted vs zenith angle as seen in Figure 2 and 
the integrated area was divided into 10 equal areas. The angles at the 
intersections of the equal a reas we re t hen plotted on polar coordinate 
paper as shO\m in Figure 3. Each alternating ring (clear or s tippl ed ) 
represent s the angular interval th a t 10 percent of the energy is rece i ved 
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Figure 3. Angular intervals (clear or stippled) representing equal 
amounts of energy received by a 2TI hemis pherical sensor. 
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by an instrument with a z·rr solid angle receiver such as a pyranometer. 
This diagram shows that the g rea tes t amount of power received per zone 
is at zenith angle of 45° and diminishes toward both zones at 0° and 90° 
zenith angles. The same diagram allows the plotting of a reflectance at 
any combination of nadir and solar azimuth angle. The indi cat r ices were 
developed from measurements of reflec tances at various azimuth and nadir 
angles ove r each surface. 
The Nimb us F-2 medium resolution infrared radiometer (liRIR) was 
used fo r most of the measurements. It is a scanning instrument and 
produces e i ght scans per minute. Radiation is reflected from a ro1 · ting 
a luminum mirror oriented at 45° to the axis of rotation and collected by 
a Cassegrainian optical system. The channel used has a bandpass of 0.2-
4.0 ~m. The instrument has a field of view of 50 milliradians (2.86°) 
and was mounted on a rotating boom from the top of a 10-foo t high tri-
angular tower. The boom was positioned in order th at t lle i nstrument 
would scan a path across each feature in a vertical plane and then was 
repositioned for s uccessive 10° increments in azimuth angles. 
The signal was recorded on a high speed strip chart recorder and 
t he data were removed from the charts at intervals of 15° nadir angles 
by utilizing a plastic overlay with a gridwork etched on it. The data 
were then normalized by using the nadir angle 0° value as 100 percent. 
These values we re then plotted on diagrams such as Figure 3, isolines 
tvere drawn of equal reflectances and a weighted overall value was 
ob t ained by planimetering each area. This weighted value if related to 
a single beam measurement is equivalent to the integrated directional 
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reflectance obtained uy a 2·n ste radian ins t r ume nt. 'l'ue rt!latlon::>illp 
can Ue expressed as: 
1 - o· [integra ted 21f factor J (reflectance value for nadir ang e - ) determined from indi ca t rices 
~ (2TT value as measured by a hemispherical receiver). 
A CidOS (television a nd infrared obse r va tion sate llite) five-
channe l radiometer was used ove r the snow sur face . This instrument is 
of the fixed-beam t ype and has an opening angle of s• at the half-power 
point. The 0.2-4.5 ~m channel was operated. This instrument was used 
in preference to the Nimbu s MRIR because of its greater portabilit ; and 
the delicate nat ure of a snow s urface wi1ich wo ul d be di s tur bed if a 
totver ·.vas mounted. The TIROS radiometer was hand-he ld for s uccessive 
nadir angl es of 15° and seve ral azimuth a ngles. The signal was also 
recorded on a s trip chart recorder and the da t a point s plot ted and 
analysed similar to that described above. 
Photographs we re t aken utiliz ing a fish -eye lens to supplement the 
measurements of the indi ca trices. The photographs we re not ana l ysed 
quantitatively but display qualitatively t he r ef lection pa t terns examined. 
For comparison to the 2n va lues derived from the sa tellite inst ru-
ments , measu rements were simult aneo usly taken with a pyranometer. The 
pyranome t er was used f or both global a nd r ef lec ted radiation in order to 
determine the dail y variation of albedo. 
There are two processes and one instrumental error responsible for 
a daily variation of al bedo . The first pro cess is due t o the anisotropy 
of a surface with r espect t o i ts pattern of reflected r ad i a tion. If the 
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indicatr ix i s fo un.i to vary wit h so l ar angle, there \vil l be a c.J a il y 
variation of albedo. 
The second process i s a change i n the ac tual surface itself s uch 
as a change in surface soil moisture, deposition of a foreign s ubstance 
such as dus t or mois ture, wilting of a pl ant cover or a metamorphism of 
tne cr ys tal structure of a snowpack . 
The ins trumental error is caused by the failur e of pyranometers t o 
res pond co rrec tly at all solar angl es. Since the sensor is generally 
ho rizont al , the instrument should respond to the cosine of the zenith 
angle of a similar direct beam component. A deviation of t his val o is 
known as a "cosine error" and occurs with most pyranometers at zenith 
ang l es greater than 70°. In a comparison of measured values between 
pyrano rne t ers and those derived from measurements ut i lizing the TIROS 
or r·ambus radiometers, agreement should be found when considering the 
two processes discussed, but the "cosine e rror 11 of a pyranometer will 
cause a dev i a tion whe n comparing values at high zenith angles. The 
;amb us-MRIK ob t a ined values should be cor r ect with the pyranometer being 
slightly in error. 
Calibration of the Instruments 
In this study a calibration const ant for each surface was indepen-
dently derived. Using the rela tionsh ip (reflectance value for nadir 
angle = 0°) (integrated 2TI factor derived from indicatrices) = (2TI va lues 
measured by t he pyranometer), the pyr anometer values were used as t he 
absolute values and the equation was solved for the reflect ance values 
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normal to the surface. Tllis procedure is exact since the integrated 21T 
factors were normalized to the reflectances norma l t o the surface. 
Linear regression analysis was used to find the best-fit line between 
the normal reflectance values derived from the pyranometer values 
accounting for anisotropy and the corresponding signal in voltage from 
the ~diR . Ta6le l shows the s lopes (b), s tandard coefficients (r), and 
degrees of freedom (df) for each feature. Since the slopes of the 
regression analysis represent the calibration constants of the MRIR for 
each surface, possible factors influencing the slopes were examined. 
The pyranometer was calibrated with an Angstrom pyrheliometer a 
s tandard instrument. These calibrations were carried out under clear 
sky conditions for various solar angles in Logan, Utah. Since the 
pyranometer was used as the measurement s t anda rd in the field , it was 
necessary t o verify i f the pyranometer has a 11flat response, 11 i.e., 
responds equally for all wavelengths. The pyranometer was compared with 
an Angstrom pyrheliometer using two short-wavelength cutoff long-wavelength 
pass (SCLWP) filters, each 2 mm thick. The filters are described in Farb 
and Filter Glas (1965) as OGS and RGS filters. The filter transmittances 
were checked on a Beckman DK-2A spectrophotometer and the cutoff wave-
lengths were found to occur at 550 nm a nd 650 nm at the 50 percent trans-
mittance values . Several comparab le measurements were taken between the 
pyranometer and pyrheliometer with no filter and wi th the filters. A 
mean of all values shows the ratio of radiant flux density to that 
without a filter as in Table 2. 
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~able 1. Results of linear regression analys is t o determine calibration 
cons tants fo r the Nimbus HRIR 
Feat ures Slopes Stand ard Coeffic ient of Degr ee of Coefficient Determination Freedom 
(bl) ( r ) (r2) (df) 
1973 Bonneville Salt Flats l. 26 0. 9992 0.9984 
1974 Bonneville Sal t Flat s l. 25 0.9996 0.9992 5 
1973 + 1974 Bonnevil l e 1. 25 0.9980 0.9960 14 Salt Flats 
Alkali Fl a t s l. 25 0.9990 0.9980 6 
Nib ley Sil t y Clay loam o. 78 0.9963 o. 9926 3 
Sugar llee t s 1.10 0.9928 0.9856 J 
Alfalfa l. 07 0 .999 9 0.9998 3 
Co rn 0.90 0. 9949 0.9899 4 
Sagebrush 1. 17 0. 9971 0.9942 
Cres ted l<heatgrass 0.94 0. 9995 0.9990 4 
Table 2. Comparison of pyrhe liomete r and pyranometer spectral response 
Pyrheliometer Pyranorneter 
550 nm c utoff 0.680 0.693 
650 nm cutoff 0.559 0.535 
Thus the pyranometer responds 4.5 percen t less than the pyrheliome t er 
a t wavelent hs great e r th an 650 nm and 1 .9 percent less than the pyrheli-
meter for wave l en8 tbs less than 550 nm . 
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Temperature effects were considered as an explanation for t;1e 
variation of slopes but were rejected due to the high standard coeffici-
ent (r) values as shown in Table 1, indicating linearity. If the MRIR 
varied with temperature changes, each daily set of values J;Vould have 
s hown a c urvilinear effect. The range of tempe rature during any given 
day of meas ureme nt is in general gre ater than the temperature variability 
found between different surface features at similar solar angles. While 
no temperature effect could be found in the field cal ibrations, labora-
tory tests had shown a change of 4.5 percent in calibration when the 
scanner and module were changed from 10 to 25 C (Malinowski , 1966 ; 
Since this temperature change is probably in excess of that found during 
the f i eld measurements, this wo uld rep~esent an extreme upper limit in 
es timating temperature effect. 
Also the possible change of calibration of the MRIR due to de grada-
tion or drif ting of its sens itivity was considered. The Bonneville Salt 
Flats t.Je re measured twice a t a one - yea r interval and tes ting the hypo-
thes is fo r a difference between the slopes derived from the two separate 
se ts of data failed to show a difference at the 95 percent probability 
level. Thus it was concluded th at the MRIR did not change it s sensiti-
vi ty during the measurement pe riod. 
Anothe r possible factor explaining the variation of slopes is a 
change in the spectral sensitivity of the MRIR from the time of manufac-
ture. The spectral sensitivity silown in Figure 4 (Raschke et al , 1973) 
was found wben the inst rument was new in 1964. Visible oxidation is 
found on the previously polished aluminum scan mirror. Although the 
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Figure 4. Spectral sensitivity of channel 5 and the extraterrestrial 
spectral irradiance of the sun. 
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~1RIR mirror itself could not be measured, the reflection c haral'teristics 
of samples of both oxidized and freshly polished aluminum were found with 
a Beckman DK-2A spectrophotometer . No rmali zing th e curves showed agree-
ment at wavelengths greater than 1.5 ~m wavelength, but the oxidized 
aluminum surface displayed a reflection approximately 17 percen t less 
than the clean aluminum surface for wavelengths l ess than 0 . 8 ~m wave-
length. Since t he MRIR contains three reflecting surfaces, the scan 
mirror and two in the Cassegrainian optical system, the total effect of 
change in spectral sensitivity due to oxidation of refle cting surfaces 
was estimated as three t imes that found with a single sample measu ~ d 
with the spectropho t ome t er . 
Another poss ible explanation for the different slopes investigated 
is the interaction of the spect r a l sensitivity of the Nimbus MRIR and 
the spectral characteristics of the measured surfaces. The spectral 
sensitivity of the MRIR is shm<n in Figure 4 while spectral characteris-
tics of several surfaces are found in Figure 5 (Dirmhirn, 1967) and 
Figure 6. As seen in Figure 4, Channel 5 is on l y about one-half as 
sensitive i n the visib l e and near infrared as it is fo r wavelengths 
grea ter than 1.5 ;.Lm. This will cause an overweighting i n the near 
infrared part of the spectrum i n relation to the shorter wave l eng t hs. 
Also as seen in Figure 4, the solar spectrum has its maximum power in 
the shorter wavelen ths. In order to evaluate the degree of t his effect, 
a graphical technique was employed combining the effects of a gener alized 
solar spectrum at sea leve l and the MRIR spectral sensitivity with the. 
spectral characteristics of some of the c urves fr om Figures 5 and 6. 
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Figure 5. Spect ral cuaracteristics of some natural surface materials: 
(a) f r esh fallen snow, (b ) old snow, (c) limestone, (d) sand 
and (e) green plants. Afte r Dirmnirn, 1967. 
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Figure 6. Spectral cnaracteristics of tne natural surfaces: (a) White 
Sands gypsum sand, (b) Bonneville Salt Flats, (c) Alkali 
Flats, (d) ilib l ey silty clay loam and (e) lava bed r ock 
measu red with a Beckman DK-2A spect r opnotometer witn a re-
flectance attachment. 
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Comparisons we re made of these c.:.t l c ul ated val ues to values assuming a 
"f l a t res pons e 11 s uch as assumed to be found wi th a pyranome t e r. The 
comparisons are shown in 'fable 3. The gy psum sand, Alkali Fla t s , 
Bonneville Sal t Flats, and s now s urfaces s how an underestimation of 
reflectance s as compared with green plants or bare soil when measured 
with the MRIR due t o the deviation from unity of t~e spectral sensitivi t y . 
This gene r a lly agrees with the calibration cons t an t s displayed in Tab l e 
1 but o the r fa~tors are necessa ry t o expl ain the complete effect. 
Table 3 . Es timated effect of spectral sensitivity of channe l 5 fot tile 
MRIR for various sur f aces using an idealized solar spectrum 
Fea ture A a Bb A/B % 
Whit e Sands gyps um sand . 5224 . 8429 62.0 
Alkali Flats . 3841 .6022 63 . 8 
bonnevi lle Salt Flats .4940 .7945 62 . 1 
i'lew Snow .4265 • 7111 60 .0 
Green Plants .1536 .2331 65.9 
Soil .1197 .1728 69.3 
aA = (solar spectrum) (spectral sensitivity of channel 5) (spec tral 
charac teristics of the surface) 
bB = (solar spectrum) (spec tra l cnaracteristics of the surface) 
Values presented are represented by an int egr ated solar spectrum (0 .3-
4. 0 ~m) = 1. 00 
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Th e g rea t est ran ge in th e c~_d i bration cuns t an t s ( s lopes ) i.s f dund 
to be between the Bo nnev ill e Salt Flats and Uare soil dat.1 . The s; JIL 
fla t s cons t ant is found to be 38 pe r cent greate r than t he bare so il 
cons tant. A green plant ca libration constant is represent ed as t he mean 
of the alfalfa and sugar beets values since bo th of thes e crops showed 
almost complete coverage of the soi l . The sa lt f l ats calibrat ion con-
s t an t is found to be 13 pe r cen t greater than for the green plants. 
The total effects for the i ndivid ua l fac t ors possibly contributing 
to the variation of cons t ant s be t ween specific surfaces can be deve l oped . 
For each s ur face , the Bonnevill e Sa lt Flats, the gr een pl ants and t '' e 
bare so il, the interaction of the es timated effect of th e spectral se nsi-
tivity of the pyranometer, and the effec t of oxidation of the MRIR 
reflec ting s urfaces with the previous ly discussed combin ed effect of the 
solar spec trum, spec tral charac t er i stics of the s urfaces and spectral 
sensit i vity of the MRIR was developed. 
Table 4 is a summa ry and es tima t es of the possible effects which can 
contribute to a deviation of the calib r ation constants (slopes) of t he 
different surfaces . As presented, there is st ill some unexpla ined 
con t rib ution, particulary when comp aring th e salt flats t o bare soil cali-
b ration s . Possibly part of the unexplained contributi on is due t o th e 
pyranometer values not being representative of t he overall bare soil 
area . The r adiant f lux density val ues were quite low for t he r ef l ec ted 
componen t over t he soi l s ur face and a l oca l situation ma y have influenced 
t he pyr anome t er values. Other possible con tributions to the different 
calibrations a re a change in the spect r a l sensitivi t y of t he In f r as il 
Quartz f ilter and drift in the electron i cs . 
2Y 
Table 4 . Estimate~ o : possible effec t s producing diff erences in tn e 
calibration cons tant s (slopes) for different surfaces 
Possib le error due to effect (%) 
Possib le Effects Salt Flats vs Salt Flats vs 
Temperature effect 
Degradation of instrument 
during study period 
Pyranometer spectral response 
Green Plants 
+ 0.0-4.5 
0.0 
(negligible) 
- 0.4 
Spectral cha r acteris tics of s ur face 
interact ing with spectral sensi ti- + 6. 1 
vity of HRIR 
Change i n spectral sensitivity of 
M:UR from time of manufac ture 
a) oxidation of reflecting 
+ 3.3 
surfaces 
b) degrada tion or drift of 
Infrasil Quartz Filter, 
electronics, etc. 
Total (temperat ure effect 14.3 included) 
Total (temperature effect not 9.8 included) 
Slope of curve (actually 12.8 
measured) 
Unexplained (temper ature 
- 1.5 
effect included) 
Unexplained (temperature effect 3.0 
not included) 
Soil 
+ 0.0-4.5 
0.0 
(negligible) 
- 0.3 
+11. 6 
+ 5.7 
22 .1 
17.6 
37.6 
15.5 
20.0 
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RESULTS AND DISCUSSION 
Land Sur fac es 
The land s ur faces examined were the Bonneville Salt Flats, White 
Sands Alkal i Fl a t s and a plowed field of Nibley silty clay l oam soil . 
Bonneville Salt Flats 
The indicatrices of reflec t ed sol ar radia tion for the Bonneville 
Sal t Flats were determined for August 9, 1973 and August 8, 1974. In 
1973, ind i ca trices were fo und fo r solar a ngles of 3.0", 8.9", 19.0", 
27 .4", 39.1", 40.7", 47.3", 58.4", and 62.6" as seen in Figures 7-1 ' 
All measurements were made in the morning excep t fo r the 39.1 " and 58.4" 
so lar angle values. In these and all successive f igures , solar azimuth 
angle a = 0 is at t he top of t he diagram. 
In Figure 7, the forwa rd sca tter exceeds the back scatter indica ting 
a high degree of specular reflection. The maximum forward scatter for 
nadir angles greater than 80° is shown t o be greater than 200 percent of 
the refl ec t ance value for nadir angle= 0°. In Figure 8 , the foruard 
sca tter i s a lmo s t e qual to the backward scatter, but the successive 
diagrams shO\v t he former diminishing wi t h relation to the lat er as solar 
angle increases. At solar angles greater than 47 . 3°, the backscatter 
is the only aniso tropic cha ract e ristic. 
Figure 16a shows a l bedo vs solar a ngle meas ured with a pyranometer. 
Host of the values 1;vere measured in the vicinity of the tower excep t for 
the two points la be ll ed 11 ve ry bright area '' and 11Wet area. These were 
measured at the edge of the uniform salt field near a body of water. 
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Figure 7. Isolines of reflectance over the Bonneville Salt Flats at 
solar angle = 3.o• for 1973. Values are based on a reflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
Fi gure 8. 
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140 
Jsolines of reflectance over the Bonnevill e Salt Flat s a t 
solar angle = 8.9° for 1973. Values are based on a r eflec-
tance value norma l t o the surface (nadir angl e = 0°) of 100. 
FLgure 9. 
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Isolines of reflectance over the Bonneville Salt Flats at 
solar angle = 19.0° for 1973. Values are based on a reflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
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Figure 10. Isolines of reflectance over the Bonneville Salt Flats at 
solar angle· = 27.4° for 1973. Values are liased on a r ef lec-
tance value norma l to the surfac e (nadir angle = 0°) of 100. 
Figure 11. 
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Isolines of reflectance over the Bonneville Salt Flats at 
so l ar angle= 39.1° for 1973. Values are based on a reflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
Figura 12 . 
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Isolines of reflectance over the Bonneville Salt Flats at 
solar angle= 40.7° for 1973. Values are based on a r eflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
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FLgure 13. Isolines of reflectance over the Bonneville Salt Flats at 
solar angle= 47.3° for 1973. Values are based on a reflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
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Figure 14. Isolines of reflec tance over the Bonneville Salt Flats at 
solar angle= 58.4° for 1973. Valu es are based on a reflec-
tance value normal to the surface (nadir angl e = 0° ) of 100. 
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Figure 15. Isolines of reflectance over the Bonneville Salt Flats at 
solar angle = 62 . 6° for 1973. Values are based on a reflec-
tance value normal to the surface (nadir angle = o•) of 100. 
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Figure 16a. Albedo vs solar angle for Bonneville Salt Flats, 1973. 
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Figure 16b. Global, r ef l ectance and r ef l ected hemis pher ical radia t ion 
values for Bonneville Sal t Fl at s, 1973 . 
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The 11 very bright area'' consisted of new fresh crystals while the "wet 
area" was partially submerged. 
Figure 16b shows the incoming global radiation and reflect ed r adia-
tion values found with a pyranometer. Also the reflect ance values for 
nadir angle = 0° from the 11RIR are plotted. These values multiplied 
times the integrated correction factor for anisotropy from Figure 7-15 
are also shown which produce a 2Tr reflectance equivalent to the values 
found tvi th a pyranometer. Thus two curves tvere fitted, one for tile 
nadir angles = 0° values and another for all 2Tr values. 
The 1974 Bonneville Salt Flats indicatrices of reflected solar 
radiation were found for solar angles of 1.7°, 10.3°, 21.7°, 33.0°, 
44.5°, 56.2°, and 64.7° as shown in Fi gures 17-23. As mentioned before, 
the antecedent precipita tion from October to the date of meas urement 
was cons iderably less during 1974 than during 1973 at the Bonneville 
Salt Flats. 
Visual observation shoto1ed the s urfcice to have a rougher te.xture in 
1974 as compared with 1973. The data for 1974 do not show the specular 
effect as strongly in 1974 as was seen in 1973 for low solar angles. It 
is ass umed that the antecedent moisture is responsible for this difference 
possibly from both the standpoint of genesis of the surface crystals and 
the ac tual presence of more moisture a t the surface during 1973 producing 
a specular component. However, the gene ral trend between the two years 
is similar. The backscatter and anisotropy diminishes with increasing 
solar angle as seen in the development of the indicatrices from Figure 
17-23. 
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Figure 17. lsolines of reflectance over the Bonneville Salt Flats at 
solar angle= 1 . 7° for 1974. Values are based on a reflec-
tance value normal to t he surface (nadir angle = 0°) of 100. 
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Figure 18. Isolines. of re,flectance ovel" the Bonneville Salt Flats at 
solar angle= 10.3° for 1974. Values are based on a r eflec-
tance value normal to the surface (nadir angle = 0°) of 100. 
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Figure 19 . Isolines of reflec tance over the Bonnevill e Salt Flats at 
solar angle = 21.7° for 1974 . Values are based on a reflec -
tance value normal to the surface (nadir angl e = 0°) of 100. 
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Figure 20. !salines of reflectance over · the Bonneville Salt Flats at 
solar angle= 33.0° for 1974. Values are based on a r eflec-
tance value normal to the surface (nadir angle = o•) of 100. 
Figure 21. 
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Isolines of reflectance over the Bonnevill e Salt Flats a t 
solar angle= 44.5" for 1974. Values are based an a r eflec-
tance value normal to the surface (nad ir angle = 0") of 100. 
Figure 22 . 
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Isolines of reflec tance over the Bonneville Salt Flats at 
solar angle= 56.2° for 1974. Values are based on a reflec-
tance value norma l to the surface (nadir angle = 0°) of 100. 
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Figure 23. Isolines of reflectance over the Bonneville Salt Flats at 
solar angle= 64.7° for 1974. Values are based on a r eflec-
tance value normal to the surface (nadir angle = 0°) of 100 . 
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Fi r, ure 24a shows a l bedo OD sol.1r angle \vhich resembles that fo und 
for t!H .. ' previous year. Figure 24b displays t he pyranomet e r va Jues ror 
global and reflected radiation as well as the Nimbus MRIR values for 
nadir angle = 0° and the 2TI reflectance derived values. Curves were 
fitted similar to those in Figure 16b. In both years the maximum devia -
tion between the t wo lower curves is seen to be at approximately 40° 
solar angl e . There is a convergence a t higher solar angles of the t1;o 
lower curves and i s s imilar for both years measured at the Bonneville 
Salt Flats. 
Alkali Flats at the 
Whi t e Sands area 
Indica trices of reflec t ed solar r adia tion for the Alkali Flats at 
the White Sands area we re found on May 20, 1974 for solar angles of 3.3°, 
6.2°, 9.9°, 16 . 6°, 24.2°, a nd 31.0°, as seen in Figures 25-30. 
Measurements taken on May 21, 1974 for so l a r angles of 69.7° and 
73 . 7° failed to show anisotropy due t o the high solar angl es. 
Figures 25-30 show both fo r wardscatter and backscatter. The forward-
scatter does no t disappear at higher solar angles as was found for the 
Bonneville Salt Flats. It is assumed that the forwardscatter is specular 
in nature and is produced at higher solar angles by the smoother surface 
found on the Alkali Flats than found on the Bonneville Salt Flats. All 
of the diagr ams show the backsca tt e r exceeding the forwa rdscatter in both 
absolute value and areal ex t ent. 
Figure 3la shm;s albedo us solar angl e for the Alkal i Fl ats which 
is similar to that fo und for the Bonneville Salt Flats. 
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Figure 24a. Albedo vs solar angle for Bonneville Salt Flats, 1974. 
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Figure 24b. Global, reflectance and reflected hemispherical radiation 
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Figure 25. Isolines of reflectance over the Alkali Flats, Holloman 
Air Force Base, New Mexico on May 20 , 197 4 for solar angle 
= 3.3°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0") of 100. 
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Figure 26. Isolines of reflectance over the Alkali Flats, Holloman 
Air Force Base, New Mexico on May 20 , 1974 for solar angle 
= 6.2°. Values are based on a reflectance value normal to 
the surface (nadir angle = o•) of 100 . 
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FLgure 27. Isol ines o~ retlectance oyer the Alkali ~lats, Holloman 
Air ¥or ce Base, New Mexico on ~y 20, 197 4 for solar angle 
= 9.9°. Values are based on a reflectance va lue normal to 
the surface (nadir angle = o•)~ of 100. 
Figure 28. 
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Isolines of reflectance over the Alkali Flats, Holloman 
Air Force Base, New Mexico on May 20, 1974 for solar angle 
= 16.6°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0°) of 100. 
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Figure 29. Isolines of reflectance over the Alkali Flats, Holloman 
Air Force Base, New Mexico on May 20, 1974 for solar angle 
= 24.2°. Va lues are based on a reflectance va lue normal to 
the surface (nadir angle = 0°) of 100. 
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Figure 30. Isolines of reflectance over the Alkali Flats, Holloman 
Air Force Base, New Mexico on May 20, 1974 for solar angle 
= 31.0°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0°) of 100. 
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Figure 3la. Albedo vs solar angle over the Alkali Flats . 
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Figure 3lb displays gl obal and reflected radiation values as ~<ell 
as tile 1H mbus normal re fl ectance values and the 2n derived reflectances. 
For this feature t he two lower curves are seen to show the maximum 
deviation a t approximately 25° sola r ang l e . Since (reflectance value 
fo r nad ir angle =0°) (integr a t ed 2TI factor determined by indica t rices) 
(2TI value measured by a pyranometer), and the integrated 2TI factor 
1.00 under isotropic conditions , the re will be found convergence to 
the same curve under i so tropic condi tions. Th i s is seen in the extra-
polation to 69.7° solar angle from the 31.0° solar angl e val ue. 
Plowed fleld 
The plowed field of Nibley silty clay loam was examined on Oc tober 
5, 1973 t o determine the indicatrices of r ef lected radiat i o n for solar 
angles of 12.5°, 17.5°, 25.0°, 33.4°, and 40.0° as shown in Figures 
32- 36 . 
A characteristic of these indica trices not found in the previously 
discussed feat ures is the lack of forwardscatter. The plowed fie ld 
actually shows a decrease in reflectances as the nadir angle increases 
for the sectors in the sun's direction. The explanation for this effec t 
is the great roughness of the surface producing many shadows when 
viewing in the forward direction. 
The backsca tter also shows a different character than previously 
descrioed wi t h the Alkali Flats and Bonneville Salt Fla ts . In the 
backsca tter the relative values to the normal reflec t ance are grea t er, 
exceeding 500 percent as shown in Fi gure 32. Also the pattern of back-
scatter is mo r e localized and not as broadly distributed. This is also 
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Figure 32. lsolines of reflectance for a plowed field of Nibley silty 
clay loam for solar angle= 12.5°. Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100 . 
Figure 33. 
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Isolines of reflectance for a plowed field of Nibley silty 
clay loam for solar angle= 17.5°. Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
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Figure 34. Isolines of ref l ectance for a plowed field of Nibley silty 
clay loam for solar angle= 25.0°. Values are based on a 
reflectance value norma l to the surface (nadir angle = o•) 
of 100. 
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Figure 35. Isolines of reflectance for a plowed field of Nibl ey silty 
clay loam for solar angle= 34.3°. Values are based on a 
r eflec tance value normal to the surface (nadir angle = 0°) 
of 100. 
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Figure 36. Isolines of reflectance for a plowed field of Nibley silty 
clay loam for solar angle= 40.0°. Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
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explained by the geomet r y of the r o ugh surface whe r eby t he anti-solar 
pol 11L wil l now have l arge c lods producing s urfaces normal to the direct 
beam component, thereby increasing the backscatter. In all cases, the 
anti-solar point falls within the isolines of highest reflectance. 
The anti- solar point, refer red to as the "hot - spot 11 by those 
engaged in ae r ia l photogrammetry, is descri bed in the "Manual of Color 
Aerial Photography, " 1968. This point occurs diametrically opposite to 
th e point of t he s un' s spec ular re fl ec tion and is found at the same 
distance from the principal point. 
The trend in Figures 32-36 is also toward isotropy with increa ing 
solar ang l e. Figure 37a shows tha t the albed o ove r the pl owed field 
doesn't vary much on a daily basi s and is approximately only 10.0 per-
cent. Figure 37b displays the reflected r adia tion measured t<i th a 
pyranometer as well as the normal reflec tance values and 211 derived 
r eflectance fo und with the Nimbus MRIR. At 40° solar angle, the inte-
gr a ted va lue for the cor r ec tion of anisotropy is l ess than 100 percent 
and causes the two curves to c ross a t about 40° s olar angle. 
Photography utilizing a f ish- eye l ens was empl oyed t o obse r ve 
qualitat i vely the reflection properties of the l and surfaces of the 
Bonnevi lle Salt Flats, White Sands Alkali Flats and the plowed field. 
The pho togr aphs in Figures 38 and 39 shm; the 1974 Bonneville Salt Flats 
s urface conditions for a low and high solar angle, respectively. Figure 
38 agrees with the res ults shown in Figure 17 whereby t here is some 
fo rwa rdscatter but the backsca tter predominates. Figure 39 corresponds 
t o the results in Figure 20 where backscatter is evident but there is 
no apparent forwards catter . The small visible ridges t<h i ch are in t he 
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Figure 37a. Albedo vs solar angle for the plowed field. 
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50 
66 
Figure 38. Fish-eye photograph of Bonneville Salt FlattES for a low sola r 
angle. 
Figure 39. Fish- eye photograph of Bonneville Salt Fla1t:s for a high 
so l ar angle. 
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photographs contribute to the backscatter from a geometrical point of 
view. The roughness produces a proportion of shaded area \Vhen viewing 
toward the s un while the same surface irregularities produce an increased 
backscat ter. 
Figure 40 shows a fish-eye photograph taken from a helicop t e r over 
the White Sands Alkali Flats. The backscatter shows the gr ea t es t re-
flectances \.J'i th the forwardscatter also exceeding the re fle ctances normal 
t o the surface; these effects agreeing with the measurements over the 
fea ture . 
Figure 41 is a photograph taken over the plm<ed field and disr lays 
clea rly the maximum reflectances within the vicinity of the shadow of 
the came ra which locates the anti-solar point. The photograph also 
shows the decrease in reflected radiation from nadir angles of 0 ° t o 90° 
in the direc tion toward the sun. Both of these effect s are shown in t he 
meas ured indicatrices as seen in Figures 32-36. 
Figure 42 shows the percentage of correc tion that must be applied 
t o reflectances for nadir angle = 0° in order to find the hemispherical 
or integrated 2n reflection values. Each point represent s the overall 
weighted mean for each indicatrix. A polar planimeter was us ed t o f ind 
t he areas and a mean for the zones contributing equal power to a hemi -
spherical receiver determined the anisotropic correction factors. 
All four land surfaces examined show a trend towa rd isotropy. The 
ilonneville Salt Flats and White Sands Alkali Flats show simil a r s l opes 
and values of the ir respective curves, inPicating similar anisotropic 
correction f ac tors for corresponding solar angles. The plowed field 
shows a s t eeper slope than found for the other features, demonstra tin g 
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Figure 40. Fish-eye photograph of the Alkali Flats. 
Fi gure 41. Fish-eye photograph of a plowed field. 
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a great er change in anisot ropy wi t h change in sol ar angle. This is 
exp l ained by the gr eater dimensional roughness of the plowed field than 
found wi th the other features which show up i.n great er range of shadow 
patterns and backscatter with a corresponding change in solar angle . 
Snow s urface 
The albedo of snow is mor e c0mplicated than most surfaces because 
of t he metamorphism of the snowpack (Dirmhi rn and Eaton, 1975). This is 
evidenced by t he asymmetric da ily variation of albedo as shown in Fi gu r e 
43 whereby t he minimum is not at noon but in general is shifted about 2 
hours into the af ternoon. A s nowpack is a very dynamic system and thus 
the indicatrices of reflec ted r adiation a re assumed to ch ange greatly with 
the condit i on of the s nowpack. A ripe s nowpack was meas ure d on April 4, 
1973 for sol a r angles of 13.2°, 17.9•, 25.2°, 42.0°, and 54.4°. In 
Figure 44 the values fo r o•, 30° , 60°, and 90° nad ir angles are presented 
wi th the radius of the circ l e equal to 100 and al l othe r values propor-
tioned to this dis t ance . The snow s urface had a g l azed appearance which 
produced a broad streak of ref lected light in the forward direction. 
Specular reflecti on gr eatly overpowers the backsca tter, particular ly as 
the solar angle decreases. 
Figures 45-49 show the r esul ts of Figure 44 in the same forma t as 
previously described. The diagrams show the l a rge gradient of fon1ard 
scat t er but also show t hat the contribution to the total int egra t ed 2rr 
ref l ectance i sn 't very large . particularly for some of the highes t values. 
The trend shown by the indicatrices also is t owa rd isotropy as solar 
angle increases. 
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Figure 43. Daily variation of albedo on a clea r day : 
1. Lemon Creek Glacier, near Juneau, Alaska, Summer 1954 
(R.C. Hubley, 1955). 
2. Granular snow, Tartu, USSR, March, 1956 (H. Tooming, 
1960). 
3 . Snow and firn, September 1950, and 
4. Snow and firn, July, 1950 (F. Sauberer and I. Dirmhirn, 
1952). 
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Figure 44. Indicatrices of snow reflect ance at different sola. dngles on 4 Ap ril 1973. 
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Figure 45. lsolines of reflectance for a glazed snow surface at solar 
angle= 13 . 2°. Values are based on a reflectance value 
normal to the surface (nadir angle = o•) of 100. 
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Figure 46. Isolines of reflectance for a glazed snow surface at solar 
angle= 17.9°. Values are based on a reflectance value 
normal to the surface (nadir angle = o•) of 100. 
Figure 47. 
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Isolines of reflectance for a glazed snow surface at solar 
angle = 25 .2 °. Values are based on a refl ectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 48. Isolines of reflectance for a glazed snow surface at solar 
angle= 42 . 0°. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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FLgure 49. Isolines of reflectance for a glazed snow surface at solar 
angle= 54.5° . Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 50 shows reflected radiation Ps so l n r <lllg l C' v;t lu Ps dPtPI--
mlnL•d with' ' pyr .anonw L<'r as we.l.l .:1s Lhe Tl.ROS norm;JI n•r ll' l'l<J lll" L' va luL'S 
a nd the Zn values derived from the normal ref lectance va lues with their 
respective corrections for anisotropy. 
The maximum deviation between the two curves for the snow surface 
occurs at about zoo solar angle with a converRence above 40° solar angle, 
but the two curves never cross . 
The TIROS values at 54.4° solar angle had to be slightly adjusted 
so that the Zn derived value fitted the curve for the pyranometer values. 
The TIROS radiometer is not as stable as the Nimbus MRIR a nd apoare1 ~ ly 
performed some irregularity for that ind ividua l measurement . 
Figure 51 shows the percentage of correction that must be aoolied 
to the reflectances of nadir angle = 0° in order to find the hemispheri-
cal or 2TI ref l ected radia tion values. At the higher solar ang l es the 
results show a trend toward isotropy. 
Agricultural Groos 
Alfalfa 
Measurements were taken '"ith the Nimbu s MRIR over t he alfalfa field 
on August 23 , 1974 at solar angles of 9.7°, 17.0°, 27.7 ° , 42. 2°, and 
57 . 3° . As illustrated in Figure 52, the most pronounced c har acteristic 
observed is the strong backscatter which reaches a maximum of over 300 
percent of the re f lec t ance value normal to the surface. The anti - solar 
point is also located within the area of maximum reflectances for Figures 
52 and 53 as seen i n the plowed field. 
Also seen in Figure 52 is a strong forward scatter, exceeding 200 
percent of the vertical reflectance. This is orobably due t o two effects; 
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Fi gure 50. Re fl ec tance (nadir angl e = 0°) measured with TIROS r adio-
me t e r, and ref lected r adiation measured with pyranometer, 
for different solar angles for a spring glazed snow s ur face . 
17 
16 
15 
~ 140 
" 
0 
0 0 
.... 
.., 130 u 
OJ 
... 
... 
0 120 u 
110 
100 
0 10 20 30 40 50 60 
Solar An gle (degrees) 
Figure 51. Percentage of correction vs solar angle that must be applied 
t o r eflectances for nadir angle = 0° to obtain the hemispheri-
ca l ref l ection values for a spring gl azed snow cove r . 
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Figure 52. !so lines of reflectance over an alfalfa f:Leld at solar angle 
= 9.7°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0°) of 100. 
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Figure 53. Isolines of reflectance over an alfalfa field at solar angle 
= 17.0°. Values are based on a reflec t ance value normal to 
the surface (nadir angle = 0°) of 100 . 
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a specular co"1ponent and the angle of viewing the feature. Figures 52-
56 show that the reflectance increase with increasing nadir angle for 
all azimuth angles. The explanation for this effect is that a large 
proportion of dark interstices to foliage is viewed at small nadir 
angles while as the nadir angle increases, an increasing propo rtion of 
sun-lit foliage to dark in t erstices is detected. Figures 52-56 also 
si1 mv the development of the indicatrices as a function of solar angle. 
Tne trend observed is a decrease in anisotropy with increasing so l _..;.l.-
ang le. As the solar angle increases, there is greater penetration of 
s olar radiation into the interstices between the leaves, thus tendi 8 
to decrease the contrast be tween the contribution of sola r radiation 
emerging from the intermittent ground and the solar radiation reflected 
from the foliage. 
In all shown cases for alfalfa, the backsca tter exceeds the forward 
scatter. The alfa l fa foliage was observed to display heliotropism 
during these measurements which probably contributed to the strong back-
scatter . 
As with all previously discussed features, a comparison was made 
with the reflected radiation measured with a pyranometer to the 211 
values derived frommultiplying the norma l reflectance values for the 
normalized factors obtained by integrating the indicatrices. Figure 57b 
presents these interrelationships Vs solar angle. The l ower curve shows 
the reflectance values measured wi th the MRIR normal to the surface while 
the upper curve shows the 21T va lues. 
The mc.x imum deviation between t he vertical and hemispherical reflec-
tance values occurs at apprcxiwately 35° solar angle with a convergence 
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Figure 54. Isolines of reflectance over an alfalfa field at solar angle 
= 27.7°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0°) of 100. 
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Figure 55 . Isolines of reflectance over an alfalfa field at solar angle 
= 42.2°. Values are based on a reflectance value normal to 
the surface (nadir angle = 0°1 of 100. 
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Fi gure 56. Isolines of reflectance over an alfalfa field at solar angle 
= 57.3°. Values are based on a reflectance value norma l to 
the surface (nadir angle = 0°) of 100 . 
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of ti1c normal an d 211 ref l ectances at lower a nd hi g hcr so 1 ar a ng l es . 
This pattern i s simi l ar to th a t fo und for the Bonneville Salt Fl at s, 
Alkali Flat s, and snow surface. 
Figure 57a displays albedo vs solar a ngle for alfalfa with a de-
crease of albedo as solar angle increases, aga in similar to the previous 
features di scussed. 
'fhe pyranometer va lue in Figure 57b fo r 42.7' solar angle is found 
t o be too l ow wh ile the corresponding albedo va lue shows good agreement . 
Tt1e corresponding g lobal rad i ation value was too low, thu s indica ting 
some tempo rar y irregularity in th e recording. 
Sugar bee ts 
The second agricultural c rop studied was sugar beets for solar 
angles 6.3', 13.6', 23.9', 35.6', 47.4', 58.0', and 67.8' as seen in 
Figures 56- 64 on July 13, 1974. Suga r beets were chosen because of 
their l a rge, broad l eaves in contrast with the smal l, dense folia ge o f 
alfalfa . As seen in Figure 58 with a low so lar angle, sugar beets pro -
duce a reflection pattern similar to that found for alfalfa at a similar 
solar ang l e . There is increasing re flectance with increasing nadir 
angle and t he backscatter is the predominant characteristic. The strong 
backsca tt er exceeds 600 percent of the normal reflectance while the 
forward sca tter snows values above 200 percent. The trend observed in 
tne s ucceeding i ndicatrices is a decrease in anisotropy witn inc reasing 
solar angle. At solar angles of 47.4', 58.0', and 67.8' there a r e areas 
in the r eflec tion patterns, centered at approximately 45' nadir ang l e 
and 0° azimuth angle, wnich are less than t he normal reflectance values. 
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Figure 57a. Albedo vs solar angl e for alfalfa . 
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Figure 57b . Reflectance and reflected hemi.spheri.cal radia tion values 
for an alfalfa f i.eld. 
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Figure 58. lsolines of reflectance over a sugar beet field at solar 
e levation of 6.3°. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 59. Isolines of reflectance aver a sugar _lieet field at solar 
elevation of 13.69 • Values are based on a reflectance value 
normal to the surface (nadir angle = o•) of 100. 
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Figure 60. Isolines of reflectance over a sugar beet field at solar 
elevation of 23.9°. Values are based on a reflectance value 
normal to the surface (nadir angle = o•) of 100. 
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Figure 61. !salines of reflectance over a sugar beet field at solar 
elevation of 35.6°. Va lues are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 62. Isolines of reflectance over a sugar beet field a t solar 
e levation of 47.4°. Va lues a r e based on a r ef l ec tance value 
normal to the surface (nadir angle = 0°) of 100 . 
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Figure 63. !salines of reflec tance over a sugar beet field at solar 
eleva tion of 58.0°. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100 . 
Figure 64 . 
94 
Isolines of reflectance over a sugar beet field at solar 
elevation of 67 .8 °. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100 .· 
')5 
Tt1ese are explai ned by viewing the underside of the foliage which is 
protected from direct illumination of the direct beam component. The 
anti-solar points agree with the effects on reflectivity to the results 
discussed for a lfalfa, 
Figure 65a shows the albedo vs solar angle for sugar beets. Figure 
650 shows the normal reflectances, 21T values derived from indica trices 
and the vertical measurewents as well as pyranometer values. The two 
cu rves cross since the normal reflectances exceed the 2TT integrated 
value for 58.0° and 67.8° so lar angles. In Figure 63, many isolines of 
reflectance are seen to be less than 100 while all reflectance isoJ ·nes 
in Figure 64 are equal to or less than 100. The anti-solar points for 
~oth of these figures are seen to lie witl1in their respective areas of 
maximum reflectivity. Only the plowed field displayed this character-
istic in the previously dis cussed features. 
The MRIR normal reflectance value for 35 . 6° solar angle lies above 
the curve and it is assumed that the record er drifted for this measure-
ment. If tnis value was adjusted to the lower curve, the corresponding 
2TT integrated value would ag ree wi tlt its respective curve. 
Corn 
The third agricultural crop chosen to study was corn because of 
its extreme height and narrow, long leaves. Data were collected on July 
4, 1974 for solar angles of 6.1°, 15.9°, 27.9°, 39.2°, 50.3°, and 66.4°. 
Visual observation showed a large contribution of the soil surface to 
the reflected radiation wnich was shaded for lower solar angles and 
directly illuminated a t higher solar angles (Figures 66-71). 
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Figure 65a . Albedo vs solar angle for s ugar beets. 
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Figure 65b. Reflectance and reflected hemispherical radiation values 
for a sugar beet field. 
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Figure 66. Isolines of reflectance over a corn field at solar eleva-
tion= 6.1°. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 67. Isolines of reflectance. ove.r a corn field at solar ele-
vation= 15.9°. Values are based on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Fi.gure 68 . Isolines- of re);lectance. oyer a corn fi'e.ld at solar ele~ 
vat ion = 27.9°. Values are .hased on a reflectance value 
normal to the surface (nadi~ angle = 0°1 of 100. 
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Figure 69. Isolines of reflectance over a corn field at solar ele-
vation = 39.2°, Values are 6ased on a reflectance value 
normal to the surface (nadir angle = 0°) of 100. 
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Figure 70. Isolines of reflectance over a corn field at solar ele-
vation= 5Q.3°. Values are based on a reflectance value 
normal to the surface (nadi~ angle = o•1 of 100. 
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Figure 71. !salines o~ reflectance over a corn field at solar ele-
vation = 6.6._4°. Values are oased on a reflectance value 
normal to the surface (nadir angle = 0°} of 100. 
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At solar angle 6 .1 " (Figure 66) the backsca tter component is a lso 
the predominan t characteristic as seen in the other agricultural c rop s 
and the plowed field. No appreciable specular component appears in all 
of the co rn indicatrices since the forward scat ter doesn't exceed the 
values at 90 and 270° azimuth angles. In general, there is a decrease 
in anisotropy with increasing solar angles as seen in all other features 
previously discussed. For solar angles of 27 . 9° and greater, a reas of 
rerlectance l ess tuan that found at nadir angle = 0 are found cente red 
at a pproximately 45" nadir angle and 0" azimuth angle. This ag r ees with 
sugar oee ts but not with alfalfa. This can be explained by the nat re 
of the foliage of the different crops. Alfalfa forms a nearly uni form 
carpet on the surface while corn and s ugar beets have large spaces 
between their leaves allowing large s hadowed areas to form in t he above 
mentioned zones . Figure 71 (solar angle 66 . 4") s hows a similar trend 
to sugar bee t s at high solar ang l es whereby the maximum reflectance 
occurs aro und the anti-solar point and the integrated 2TI value is less 
than 100 percent of the normal reflectance. This result is displayed in 
Figure 72b with the crossover of the 2TI curve and normal reflectance 
curve a t app roxi mately 50° solar ang l e, similar to sugar beets and the 
plowed field. 
Another important characteristic of corn is the decreased difference 
in absolute values be t ween th e normal and 2n reflectance values as c om-
pared with the other agricul tural crops examined . Figure 72a shows the 
albedo vs solar angle is similar to the ot her crops. 
Replicat ions of thes e crops, alfalfa, s ugar beets, and corn were 
measured in the 1973 growing season . No appreciab l e differences were 
Figure 72a. Albedo vs solar angle for corn . 
? 0.2 
.... 
s 
"' s 
u 
--
"" 
"' u 
"' c: 
"' .... ~ 
0 
0 
o = reflected hemispherical radiation 
+=reflectance (nadir angle= 0°) 
• = reflectance corrected for anistropy 
10 20 30 40 
Solar Angle (degrees) 
104 
50 60 
Figure 72b. Reflectance and reflected hemispherical radiation values 
for a corn field. 
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ouserved and all trends appeared the same for the t\VO years. There-
fore only one set of data has been reported . 
The similari ties and difference of the patterns of reflec ted radia-
tion between the three agricultural crops examined, alfalfa, s ugar beet s , 
and corn can be shown qualitatively with photography. Figure 73 dis-
plays the indicatrix of reflected radiation over the alfalfa field. 
The largest reflectance in the imagery is located in the vici.nity of 
the anti-solar point which is identified by the shadow of the camera. 
Alfalfa with its fine-structured foliage produces a relatively smooth 
and uniform reflection pattern. 
Figure 74 shmvs the indicatrix of reflected radiation over the 
sugar beet field taken with a fish-eye camera. Although the large 
leaves cause a more irregular reflection pattern than shown for alfa l fa , 
the trends observed in the measurements ar e ev ident. Here the anti-
solar point also shmvs the greatest reflectance. Also the shadows and 
dark areas centered around nadir angle = 45° and azimuth angle = 0° show 
the decreases in reflectance from the reflectance normal to the surface. 
Figure 75 and Figure 76 show fish-eye photographs of corn at a l ow 
and high s olar angle, respectively. At the low solar angle, the exposed 
soi l between the rows of corn is shown to be completely shaded. The 
anti-solar point also is shown as the greatest reflectance in the 
indicatrix. However, at high nadir angles, at all azimuth angles, 
larger reflectances are seen than at nadir angle= 0°. This is explained 
by sensing only illuminated foliage at large nadir angles while the 
major contribution of reflec ted radiation at nadir angle = 0° is from the 
shaded soil . 
106 
Figure 73. Fish- eye photograp h of alfalfa . 
Figure 74. Fish-eye photograph of s ugar beets . 
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Figure 75. Fish-eye photograph of corn under low solar angle. 
Figure 76. Fish-eye photograph of corn under high solar angle. 
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At the higher solar angles, the bare soil is largely illuminated 
by the direct beam of tiular radiation as seen in Figure 76. Here the 
backscatter is seen to exceed the forward scatter with a decrease in 
reflectance at nadir angle = 45" below the reflectance at nadir angle 
= 0" for azimuth angles around 0". This agrees with the results found 
for sugar beets. Thus the fish-eye photographs taken over the agricul-
tural crops show agreement with the trends and main features found in 
the measurements . 
Figure 77 shows the percentage th at the normal reflectance values 
must be multiplied by to obtain the correct hemispherical reflected 
radiation values for the three agricultural crops. Alfalfa and sugar 
beets show close agreement except at the higher solar angles where 
alfalfa maintains an anisotropic correction factor greater than 100 per-
cent contrasted by a correction factor less than 100 percent for sugar 
beets . The anisotropic correction for corn is similar to that for sugar 
beets at the higher solar angles. Corn differs from the other two crops 
at solar angles between 10° and 30° whereby the anistropic correction 
decreases more rapidly for corn than is found for alfalfa or sugar beets. 
This effect is explained by the transition of shaded to sun-lit soil for 
an increase of solar angle to approximately 30". 
The individual values shown for the anisotropic correction factors 
for the agricul tural crops do not form as smooth a curve as found for 
the Bonneville Salt Flats, Alkali Flats, or snow surfaces previously 
discussed . This agrees wi_th the greater surface irregularities found 
for the agricultural crops as compared with the mineral and snow surfaces, 
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Figure 77. Percentage of correction vs solar angle that must be applied 
to reflectances for nadir angle = o• to obtain the hemi-
spherical reflection values for the agricultural crop surface 
examined. 
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producing greater variability in the plant cover reflectances than found 
for the mineral and snow surfaces. 
Desert Surfaces 
Two desert surfaces were examined; a field of crested wheatgrass and 
a stand of big sagebrush. 
Crested wheatgrass 
Data were collected over a crested wheatgrass field on June 28, 1974 
for solar angles of 3.7•, 9.2•, 23.o•, 36.2•, 60.5°, and 70.9°. Figure 
78 (solar angle 3 .7°) shows the large backscatter which exceeds 700 per-
cent of the normal reflectance at high nadir angles. No specular reflec-
tion can be detected from the results in Figures 78-83. Solar angles 
3.7° to 36.2° show forward scatter exceeding the normal values but this 
is not specular in nature since the values at 90° and 270° solar azimuth 
are greater than at 0° solar azimuth. The normal reflectance has a 
larger contribution of shaded ground that found for higher nadir angle 
reflectances for low sun angles. 
However, at high solar angles the effect reverses. Figures 82 and 83 
show that at solar angles of 6o.s• and 70.9•, respectively, the anti-
solar points contribute the greatest reflectances with a decrease in 
reflectances in all directions from these points. The soil surface has 
practically no shadow and the soil therefor e is able to reflect more 
than the vegetation with its many reflecting and absorbin~ parts. This 
effect is clearly displayed in Figure 84b with the crossover of the 
normal and 2TI reflectance curves at approximately 60° solar angles. 
t' igure 84a shows albedo vs solar angle for crested wheatgrass. The 
value shown as 87.4 percent is probably not realistic for an overall 
albedo of the field. 
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Figure 78. Isolines of reflectance over a field of crested wheatgrass 
in Curlew Valley·, Utah., for solar angle = 3. 7". Values are 
based on a reflectance value normal to the surface (nadir 
angle = 0°) of 100. 
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Figure 79. Isolines of reflectance over a field of crested wheatgrass 
in Curlew Valley, Utah, for solar angle= 9.2". Values are 
based on a reflectance value normal to the surface (nadir 
angl e = 0°) of 100. 
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Figure 80 . Isolines of reflectance over a field of crested wheatgrass 
in Curlew Valley, Utah, for solar angle: 23.0° . Values are 
cased on a reflectance value normal to the surface (nadir 
angle = o•) of 100. 
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Figure. 81. Isolines of reflectance. over a ficld of creste.d wheatgrass 
in Curlew Valley, Uta~, for solar angle= 36.2°. Values are 
based on a reflectance value normal to the surface (nadir 
angle = 0°) of 100. 
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Figure 82 . Isolines of reflectance over a fiel d of crested wheatgrass 
in Curlew Valley, Utah, for solar angle= 60.5°. Values are 
based on a reflectance value normal t o the surface (nadir 
angle = 0°) of 100. 
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Figure 83. lsolines of reflectance over a field of crested wheatgrass 
in Curlew Valley, Ut ah , for solar angle= 70.9" . Values are 
based on a r ef lectance value normal to the surface (nadir 
angle = 0") of 100. 
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Fi gure 84a. Albedo vs solar angle for crested wheatgrass. 
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Figure 84b . Reflectance and reflected hemi~pherical radiation v alue~ 
for crested wheatgrass. 
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Sagebrush 
Indicatrices of reflected radiation were determined 
with the Nimbus MRIR for solar angles of 6.5°, 9.1•, 20.0•, 33.8°, 
47.4°, 61.3°, and 71.3° on June 26, 1974 as shown in Figures 85-91. 
The sageb rush type was the most difficult to measure of all surfaces 
examined due to the tremendous irregularities in spacing and height of 
the vegetation. In all, 12 sets of measurements were taken throughout 
the day and averages of data were computed for values collected in t he 
morning with values collected in ti1e afternoon for similar corresponding 
solar angles. This removed a lot of the individual variability and 
produced more general results. 
The results shown in Figures 85-91 agr"e with those of crested 
wheatgrass except that the backscatter is not as pronounced in the sage-
brush as in the crested wheatgrass . There is no specular reflection 
a pparent in the forward scatter. For solar angles greater than 47.4°, 
there is the same development as seen for crested wheatgrass whereby 
t he anti-so lar point produces the great est reflec tance in the indicatrix 
with a decrease in all directions from the anti-solar point. Figure 92b 
also ag rees closely with the results obtained with crested wheatgrass. 
The crossover of the two curves appeared at about ss• solar angle. 
ilue to the irregulartities of the plant cover, individual reflected 
radiation va lues would not produce a representative albedo for sage-
brush. The albedo values presented in Figure 92a were derived from 
measurements taken in the same vicinity on July 21, 1971 (Dirmhirn, 
1972). These albedo values were developed by sampling 16 points on a 
gridwork with a pyranometer on a tripod. The values presented in Figure 
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Figure 85. lsolines of reflect ance over sagebrus~ in Curlew Valley, Utah 
for solar angle= 6.5°. Values are based on a reflectance 
value normal to t~ surface (nadir angle = 0°) of 100. 
Figure 86. 
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Isolines of reflectance over sagebrush in Curlew Valley, 
Utah for solar angle= 9.1° . Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
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Figure 87. Isolines of reflectance over sagebrush in Curlew Valley, 
Utah for solar angle= 20.0°. Values are based on a 
reflectance value normal to the surface (nadir angl e = o•) 
of 100. 
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Figure 88. Isolines of reflectance over sagebrush in Curlew Valley, 
Utah for sol ar angle= 33.8°. Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
Figure 89. 
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Isolines of reflectance over sagelirush in Curlew Valley, 
Utah for solar angle= 47.4°. Values are oased on a 
reflectance value normal to the surface (nadir angle = o•) 
of 100. 
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Figura 90. Isolines of reflectance over sagebrush in Curlew Valley, 
Utah for solar angle = 61.3". Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
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Figure 91. Isolines of reflectance over sagebrush in Curlew Valley, 
Utah for solar angle= 71 . 3°, Values are based on a 
reflectance value normal to the surface (nadir angle = 0°) 
of 100. 
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Figure 92a. Albedo vs solar angle for sagebrush. 
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Fig ure 92b. Reflec t ance and reflected hemispherical radiation values 
for sagebrush. 
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92b we r e developed from the above mentioned albedo values and gl obal 
radiation measurements taken on June 26, 1974. 
The difficulty in obtaining representative albedo for a natural 
surface is shown in Figure 93 (Dirmhirn, 1972). The daily variation of 
albedo can show different trends depending on the shadow patt erns for 
specific f eatures. 
Figure 94 and Figure 95 show fish-eye photographs of c r ested wheat -
grass for low and high solar angles, respectively. At a low solar angle 
t he exposed soil between the vegetation is shown shaded while at the 
high solar angle, it is illuminated by the direct beam component o 
so l a r radiation. A similar effect here is shown as was found for corn . 
At the low sun angles there are greater reflectances found for high 
nadir angles at all azimuth angles than at nadir angle = 0° with the 
backsca tter sl1owing the predominant reflectance. Here the anti-solar 
point is not clear ly defined. The backscatter exhibits a broad pattern 
shown at high nadir angles. The high solar angle condition shows t he 
gr eatest r eflectance in the v icinity of the anti-solar point. Since 
this corresponds to a high nadir angle, there will be a dec rease in 
r ef l ec tance for all azimuth angles as the nadir angle increases from the 
an t i - solar point. This effect is verified by the measurements and also 
explains the decrease of the anisotropic correction factor at higher 
solar angles which must be applied to r eflec t ances no rmal to the surface. 
Both features show similar anisotropic correction factors for the range 
of solar angles examined. The individual values for the deser t surfaces 
are seen t o vary more from the fitted curves than the values fo und for 
the mineral and snow surfaces. This effect agrees with that shown f or 
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Figure 94. Fish-eye photograph of c rested wheatgrass f o1r lm\1 s un an g le . 
Figure 95 . Fish-eye photograph of cres t ed wheatgrass f onr. high sun angle . 
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the agricultural crops and is explained by the greater variability of 
reflec tances found for the rougher surfaces than found for the mineral 
and snow surfaces. Figure 96 displays this effect for both crested 
whea tgrass and sagebrush. 
The anisotropic correction factor shown for 6.5° solar angle is 
s hown to be l ess than for 9.1° solar angle . This agrees with there-
sults shown in Figure 93 where albedo over sagebrush-type decreases at 
low solar angles . 
Aircraft Measurements 
Design and ins trumentation 
In the previously discussed sections, ground measuremen t s were 
designed t o obtain accura t e albedo values and indicatrices of reflected 
rad iation for several ground covers. Attempts were made to measure the 
a lbedo and indicatrices in the White Sands dune field but it was found 
that measurements on various points on the ground within the dune field 
are highly dependent on the position chosen. Figures 97 and 98 show the 
result of measuring the indicatrices from the top and bottom of a dune, 
respectively. 
These examples of indicatrices illustrate the variability of reflec-
tances produced by the varied slopes of l a r ge dimensions found in the 
dune field. A more general but qualitative display of the reflection 
pattern over the dune field is shown in Figures 99 and 100 of photographs 
taken from a helicopter with a normal and fish-eye lens, respectively. 
These photogr aphs show strong backscatter in the reflection pattern 
while the reflectances in the forward direction appear relatively low 
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Figure 97. Indicatrix of r e fl ec t ed radiation measured from t he t op of 
a sand dune. 
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Figure. 98. Indicatrix of reflected radiati.on measured from the bottom 
of a sand dune.. 
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Figure 99. Photo of i/hite Sands dune field >~i.t:h a ne10r:mal l ens, 
Figure 100. Photo of \·Illite Sands dune field l>'ith 3 ffish-eye lens . 
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due to the extensive shadow patterns produced by the undulat ing terrain. 
This reflection pattern agrees wi th the indlcatrices developed over the 
plowed field. The plowed field, wi th its irregular surface, showed great 
backscatter and a similar decrease of forward scatter produced by 
shadows. 
As can be seen from the two examples of indicatrices and photo-
graphs over t he dune field, t he combina tion of s l opes and shadows as 
wel l as the large dimensions of each sand dune limit finding an overall 
albedo of the dune field fr om ground measurements alone. Therefo r e it 
was necessary to combine informa t ion ob t ained from flying platforms .! ith 
the ground measurements. Flights were made with the TIROS radiometer 
mounted aligned vertically on a U.S. Army helicopter in order t o measure 
transects showing variability of reflec ted radiation emerging from the 
direction normal to the ove r all surface. Flights were made at several 
times during the day in order to obtain full coverage of t he interaction 
be t ween sol a r angle and shadow patterns for the dune field. 
Data were also col l ected from the helicopter at several a ltitudes 
over similar f ligh t paths in order to evaluate the effect of integrating 
larger surface areas in the measurements wi t h i nc reasing altitude. Thus 
the aircraf t flights were des i gned to dete rmine both spatial effects VB 
solar angles of reflected radiation and the effec t of diffe rent instan-
taneous fields of view of an instrument on the sensed r eflec t ances. 
Calibra t ion of the TIROS 
radiome t er 
Several f light paths extended from the dune fi el d t o over the 
Alkali Flat s. Ground observers, positi oned on the Alkali Flats, 
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simultaneous l y measured the hemi spherica l reflected radiation wit h a 
pyranometer as the helicopter passed overhead. The indicatrices which 
were developed over the Alkali Flats were used to convert the oyrano-
meter values to reflectance s normal to the surface by the relationship, 
(ref l ectance value for nadir angle = Q0 ) (integr a ted 2TI factor determined 
from indicatrice~=(2 TI value measured by the oyranometer) , as described 
on page 18. These values were then used to calibrate the TI ROS radio ·-
me ter for in-flight conditions. 
Flights for measuring the reflectance normal to the surface of the 
White Sands dunes were made on October 30, 31, a nd November 1, 1973 
Two fl ights, each on October 30 and October 31, 1973 were arranged for 
shortly after sunrise and at noon in order to determine the reflected 
radiation for the lowest and highest solar angles at that time of the 
year. All of the se transec ts were flown a t 500 fee t (A .G.L.). On 
November 1, 1973, flights were made at 10, 170, 500, 1000 , 2000 , and 
5000 feet (A.G.L.) during the middle of the morning for solar a n~les 
ranging from 28.0° to 37.5°. 
Figure lOlb presents the actual measurements obtained from the 
TIROS radiometer vs solar time for the three da ys o f investigation. 
Each of the transects flown is shown as one point which was ob tained as 
the mean of integrating one-half inch intervals of the s tr iP chart 
recordings. 
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As vas previously discussed, the plowed fie ld is the feature fo r 
which indicatrices were develo ped which mos t c l osel y match the reflec-
tion characteristics of the dune field. Thus the r efl ectances normal 
to the overal l surface measured by the TIROS radiometer over the dune 
field '"ere adjus ted to obtain hemispherical r eflec t ed radiation values 
by multipl ying the measured values by the aniso trooic correction factors 
derived from the plowed field. The curve fitted for the 2TI reflected 
radiation is thus hypothetical. 
As shown in Figure 3la, the albedo over the Alkali Flats increases 
as solar angle decreases. However, Figure lOla shows an onnosite t ~nd 
than found for the Alkalai Flats; a decrease i n albedo as solar a ngle 
decreases. This trend for the dune field is explained by the large 
areas of the dune field which are not illuminated by the dir~ct solar 
beam component of global radiation for lo>~ solar anp;les. Und er these 
conditions only a small proportion of the surface area is contr ibuting 
to the r eflec ted radiation from direct beam illumination. As solar 
angle increases more surface area is directly illuminated with an 
associa ted increase in albedo. 
The decrease in albedo '"ith a decrease in solar angle is also sho;m 
in Figure 93 (Dirmhirn, 1972) for sagebrush remnants, d ead sagebrush, 
and soi l i n Curlew Valley, Utah. The live sagebrush is direc tlv illumi-
nated at low solar angles and shows a trend of the daily variation of 
albedo similar to that found for the Alkali Flats. However the svacing 
of the individual bushes is generallv such that a similar tr e nd of the 
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daily varia tion of albedo for the sagebrush desert area is similar to 
the trend found for the dune field. For both features t he r~lationship 
of shaded a reas to solar angle determines the daily variation of albedo. 
The TI ROS radiometer has a field of view of 5° and for the l owest 
flight (10 feet A.G.L.) on November 1, the i nstrument s I.F.O.V. was 0.9 
feet while at the highest altitude (5000 fee t A.G.L.), the I.F.O.V. was 
436.6 feet. The I.F.O.V. is plotted Vs altitude, A.G.L . , in Figure 102 
for the TIROS radiometer. 
The minimum, mean and maximum reflectances measured for each a lt i-
tude are plotted in Figure 102. The mean ref l ec tances >rere derived by 
integr ating one-half inch intervals of the strip chart r ecordings over 
eac h flight oa th while the minimum and maximum values "ere derived by 
i::I.Veragi ng the highest and lowes t values from the charts. The increase 
of the ave r age values with height is due to 0rogressin~ time during the 
morning measurements and consequently an inc rease in solar a ng l e. Thus 
t he results s hown in Figure 102 actually show the mean and range of 
reflectances depending on the altitude. The data indica t e the deoendence 
on aperture size by integrating over larger areas as alt itude is in-
creased. 
Table 5 shows a comparison of the mean reflectances, standard d evi -
ations and sample sizes of the measurements be tween the Alkali Flats 
and dune field. The standard deviation is seen to be aooroximatel v an 
order of magnitude greater for the dune f ield than for the Alkali Flats 
at the lower al titude but converges toward the same value as al titud e 
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is increased. These values in addition to the result s shown in Figure 
102 show the effect o f integrating increasing surface areas in flying 
pla tform measurements over the t wo discussed features. 
Tabl e 5. 
Ht. A.r..L. 
(feet) 
10 
170 
50() 
1000 
2000 
5000 
Means, standard deviations, and sam ole sizes 
over sand dunes and Alkali Flats 
Feature Sample size Mean 
(ly/min) 
s. dunes 118 0 .318 
A. Flats 10 0.298 
s. dunes 79 0.314 
A. Flats 10 0. 270 
s. dunes 71 0.380 
A. Flats 10 0.337 
s . dunes 61 0.421 
A. Flats 10 0.354 
s . dunes 76 0.468 
A. Flats 10 0 . 390 
s . dunes 61 0.489 
Estimation of radiation e.mer~ 
from the top of the atmosphe r e 
for r eflec t ances 
Standar d 
deviation 
(ly/min) 
(1,097 
0.009 
0.095 
0.017 
0.065 
0 . 037 
0 . 052 
0.015 
0.031 
0. 010 
0.014 
The theory of radiative transfer in a scattering medium ,.,as first 
put on a sound mathematical basis by Rayleigh (1899) in accounting for 
the blue color of the sky. Van de Hulst (1957) further explained light 
scattering by small particles and applied his results to specific fields 
of interest. Chandrasekhar (1950) made significant advances in the 
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theory of radiative transfer in planetary atmosp he res . He i ncorpor-
aLed the effec ts of reflected radiation from a plane surface as one 
boundary of the scattering medium as well as accounting for all orders 
of multiple scattering within the scattering medium itself. Sekera 
(1956) provided several mathematical formulations for treatin~ the 
scattering and polarization in Rayleigh atmosvheres. Coulson (1959) fol-
lowed this work by computing the flux of radiation emer~in~ from the top 
of the earth 's atmosphere considering only Rayleigh scattering. 
With the advent of the space satellite programs, interest was 
generated fo r developing more realistic solutions for the extra-
terrestrial fluxes of radiation from planetary atmospheres by incorpor -
ating the effec ts of multiple scattering, aerosols and c l ouds into the 
solutions. With these additional considerations, the mathematics 
needed for the ca lculations of radiative transfer becomes extremely 
laborious and invo lved. 
Bullrich et al. (1965) computed the radiation emerging from the 
top of the cloudless atmosphere considering both Rayleigh scattering 
a nd scattering on large particles. Radiation intensities were computed 
for various waveleng ths as functions of the turbidity, the solar ele-
vation, and the reflectivity of the earth's surface. 
Bullrich e t al. (1969) considered multiple scattering and found 
distinct de?artures in the results between single and triole scattering 
and concluded it would be desirable to calculate another order to scat-
tering . However, the numerical instability and increasing computer 
time requirement are serious handicaps against the accomolishment of 
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this task. Hegar (1971) also compared results of orimary, secondary 
a nd third order sca ttering in a turbid atmosphere and found a consider-
able increase in the albedo at the edge of the atmosohere as the order 
of scattering increases. 
Numerical solutions fo r the complete equation of radiative transf er 
including polariza tion effects we re used by Eschelbach (1973). He found 
that the reflec tion of the planet earth is increased for small and 
medium values of the surface albedo when the aerosol s are nonabsorbent. 
Such aeroso l s show that the reflection is a lmost independ ent of the sur-
face in cases of high surf ace a lbedo . When considering absorbent a ' ro-
sols, the reflec tion of the planet earth is decreased for medium and 
large values of the surfac e albedo. Und er these conditions the gain of 
energy Lu t h e ear th-atmospher e system is a l most exclusively token by the 
atmos~here. The surface of the ground r eceives less energy in the case 
of an absorbent aerosol than in the case of a non-absorbent one. 
Eschelbach (1973) also conc luded that the effec t of the aerosol on the 
energy balance of the atmosphere is not to be neglected. 
Plass and Ka ttawar (1968) calculated the reflected and transmitted 
radiances of the earth's a tmosphere by Monte Carlo t echniques. Although 
polarization effec ts were not included in the calculations, the scatter -
ing function for the aerosols used was calculated from the Mie theory. 
Rayleigh and aeroso l scattering events were included i n the calculations 
as well as t he ozone absorption . Two diff erent aerosol number dens ity 
distributions wi th height wer e used and cornoared in the calculations. 
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The first dist ribution as given by Elterman (1965) has mor e aerosols in 
the lowest 2 km of the atmosphere than the second distribution rleveloned 
by Kondratiev et al. (1967). However the Kondratiev distribution has 
more aerosols at all altitudes above 6 km than Elterman's distribution. 
For 0.27 ~m, the ozone absorption coefficient was found t o be 
larger than either the Rayleigh or aerosol attenua tion coefficient at 
all altitudes and a t 0.3 ~m, the ozone absorption was still imnortant 
from 10 km to 50 km. The Rayleigh scattering was shown to be more imoor-
t a nt than aerosol scattering at a wavelength of 0.4 ~m for altitudes 
greater than 2 km. At 0.7 ~m the aerosol sca tt ering showed an imnor a nt 
contribution while at 1.67 ~m Rayleigh scattering was found to be of 
minor importance. 
Complications of the processes involved in radiative transfer whe n 
viewing distant objec ts are well known to pilots and aerial photo-
grammetrists. The visibility of distant objects is reduced by atmo-
spheric haze by decreasing the apparent contrast. An anproac h to this 
pr oblem was outlined by Schuster (1903) in his discussion of nrimary 
and secondary scattering in a diffusing material. The treatment is 
general and the source could be the sun, moon, searchlight, laser, the 
sky or ground objects. Schuster developed his relationships from tFo 
f luxes moving in opposite directions through the diffusing material. 
The upward flux is diminished as: 
dt/dr ~ t - B t + 1 + B s + F' I ' 
r r t r r r 
[6] 
where: 
t ~ upward moving flux 
dr thickness of the lamina 
~r absorption coefficient 
Br backscattering coefficient 
lt space light 
s = backward scat t ered light from the opoosite flux 
F~ propo rtionality forward scattering coefficient for 
directed flux 
r; = spectral irradiance caused by a directed beam. 
Changes in the downward f lux can be sho"n as: 
-ds/dr 
where: 
s; proportionality backward scattered coeff icient for 
directed flux . 
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[ 7] 
Solutions of thes e d ifferential equations for various oroblems 
were presented by Duntley (1948). Problems of upward, downward a nd 
horizontal visibility were investigated. 
Hazurowski a nd Sink (1965) related a tmo spheric turbidity to atmo-
spheric meteoro logical cond itions and its eff ec ts on aerial ohotograohy. 
Flights were made at different a ltitudes a nd data were collected using 
photometers wi th filters as well as from aerial photograohy. Thev found 
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little spectral selection by the atmosphere below 10,000 feet but ahove 
10,000 feet the spectral selec tivity approaches that of Raylei~h scat-
tering. The target-background contrast was shOI'll as: 
c (Nt - Nb)/(Nt + Nb) [8] 
where: 
Nt target radiance 
Nb background radiance 
C target-background contrast . 
Since the beam in the target-background beam oath has both li~ · e 
scattered into and out of the beam, the apparent contrast may differ 
greatly with altitude from the inherent contrast. 
In this study estimates of extra-terrestrial fluxes of radlaitL 
flux density were made from the results of Plass and Kattawar (1968) 
and Bullrich et al. (1965) for the appropriate solar an~le and ground 
albedo values which corresponded to the conditions under which space 
satellite imagery was examined. Plass and Ka ttawar used two aerosol 
distributions in their cal culations and results from both are oresented. 
Bullrich et al. (1965) calculated fluxes for a wide range of turbidity 
factors which enables examining the change of extra-terrestrial fluxes 
as turbidity changes. Estimates are shown for turbidity factors of 
two and six. 
Comparison of satellite-obtained data to estimates of radiation 
eme rging from the top of the atmospherP 
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The satellite-obtained data used for comparison with the estimates 
of emergent radiation were obtained by the Earth Resources Technology 
Satellite (ERTS) as described by Thomas (1973). The values were col-
lected from the multi-spectral scanner (MSS) subsystem. The MSS is a 
four-band scanner operating in the spectral region of the reflected 
solar energy from 0.5 to 1.1 ~m. Bands 1 through 3 use nhotomultiolier 
tubes as detectors and cover the spectral bands of (1.5 to 0.6 )Jm, 0 . 6 
to 0. 7 pm , and 0. 7 to 0.8 ~m. Band 4 uses silicon ohotodiodes and LOVers 
the spectral range 0.8 to 1.1 ~m . Each of the four bands consists of 
six detectors. The MSS scans cross-track swaths 185 km wide at the 
nominal altitude of 918.6 km by an oscillating flat mirror . 
In this study, 9.5 x 9.5 inch photographic negatives were used for 
obtaining the radiance values. The negatives were produced from the 
sensor data by the Electron Beam Recorder. The relationships betlveen 
the 15 steps of gray scales on each negative and the calibrated radiances 
for each step were developed. Then a microdensitorneter was used to ob-
tain the radiances desired from the imap,ery. 
The imagery examined was collected on May 11, 1974 with the nadir 
of the imagery located at latitude 33" l7' and longitude 105"58 '. The 
two locations examined in this study, measuring sites in the ~~ite Sands 
area and the lava beds, are located 19' and 17' off the fl ight line, 
respectively. At the time the imagery was collected, the solar ele-
vation angle was 59" and the solar azimuth angle was 113". 
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Figure 103 shows the results obtained from the MSS channels of the 
ERTS satellite as well as estimates of emergent radiation d e rived from 
the calculations of Bullrich et al. (1965) and Plass and Kattawar 
(1968). The MSS data presented here are in units of cal/cm2min/O.l ~m. 
Since band 4 has a bandpass three times the width of the other three 
bands, the actual measured values for band 4 were divided by three 
so that the true dependence of irradiance vs wavelen~th could be sho~m. 
The values were plotted in the center of each MSS band; i.e. 0.55, 0.65, 
0.75, and 0 .95 ~m. 
The actual radiances sensed by the MSS were corrected for ani-
s tropy by applying the proper aniostropic correction factor of 1 . 035 
for 59° solar angle as shown in Figure 42. Since no knowledge was 
ava ilable for the angular distribution of reflected radiation over the 
lava beds region, this feature was approximated as isotropic. 
Figure 103 shows estimates of extra-terrestrial radiant flux 
densities derived from the calculations of Bullrich et al . (1965) bv 
using the albedo for the White Sands and lava beds area as shown in 
Figure 6 for a wavelength of 0.65 ~m. Interpolations were made from 
the calculations to obtain the values for the desired soectral alhedoes 
and solar angle of 59°. Estimates are oresented for turbidity factors 
of two and six and the results imply that the turbidity was very low 
over the lava beds region and s lightly greater than two over the White 
Sands region. 
! 0.15 
.... 
0 
-. c: 
·.< 
s 
c' s 
u 
-. 
.... 
"' $ 
:>-, 
'"' ·.< 
"' c: 
<ll 
0.10 
""0 0.05 
>< 
:;J 
.... 
""' 
'"' c:
Band 1 Band 2 Band 3 Band 4 
A·· 
~ T=6 
.... ·····--------· 
"' ·.< 
""0 
~ 
T=2--:..T=6 
0 I 0 I I I I I I I 
0.8 0.9 1.0 1.1 0.4 0.5 0.6 0.3 0.7 
Wavelength (~) 
o = MSS values for White Sands dune field and Alkali Flats 
e = MSS values for lava beds region 
A = Plass and Kattawar (1965) estimates for White Sands dune field and Alkali Flats 
l = Plass and Kattawar (1968) estimates for lava beds region 
e = Bullrich et al. (1965) estimates for White Sands dune field and Alkali Flats 
e = Bullrich et al. (1965) estimates for lava beds region 
Figure 103. Radiant flux density measured by the MSS channels of the ERTS as well as estimates of 
emergent radiation 
.... 
~ 
"' 
150 
In order to gain some insight into the ~1ctunl turhiditv condiLinns 
at the time the space satellite imagery wa::; col lec ted over the \.Jhite 
Sands and lava beds regions, U.S . Daily Weather Mans (1974) were 
examined. It was found that a new storm developed on May 8, 1974, 
and on the following day the winds aloft increased while a new low center 
formed. On May 10, 1974, the low moved across the study a r ea in southern 
New Mexico. Winds of 20 knots were reported a t El Paso, Texas and 10 
knots at Roswell, New Mexico at 5 a . m. The 500mb level s howed winds 
of 40-50 knots. With the instability generally pr esent at that time of 
the year, the winds during the day might temporarily have r eac hed e• ' '1 
greater speeds than the reported values . On May 11, 1974, the date the 
space satellite imagery was examined, the skies were r eport ed c lear but 
winds of 10 knots were still reported at El Paso, Texas. Probably some 
fine particles were still in suspension on May 11 over the \fuite Sands 
area increasing the turbidity slightly. The l ava beds re~ion with the 
stable surface it possesses however probably showed littl e c han~e in 
turbidity after the same storm. 
The es tima t es derived from the calculations of Plass and Kattawar 
(1968) are shown for the wavelengths of 0.4 wm and 0.7 >Jm. The 0.4 pm 
values were derived from the Eltermann aerosol distribution while the 
0.7 wm values were found using the Kondratiev aerosol distribution . 
The surface spec tral albedoes were also fou nd f rom Figure 6 for the two 
features examined . Interpola tions were made from the calculations for 
the proper surface albedoes and solar angle. The estimate::; derived 
from the Plass and Kattawa r (1968) estimates agree quit e closely with 
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the HSS data for the lava beds but implv some turbiditv over the White 
Sands region. These results for the Hhite Sands re~ion agree with 
Eschelbach (1973) who found that the reflection of the planet earth is 
dec r eased for values of high surface albedo when considerinp: absorbent 
aeroso ls. 
Estimates were also made of the actual radiant flux densities re-
flec ted from the ground surface for the same spectral ranges that wer e 
sensed by the HSS subsystem. Since the solar angle was 59° when the 
HSS Imagery was collected , the global radiation value for this solar 
angle was obtained from ac tual measurements on Hay 20, 1974. The or -
portion of the total global radiation for each spectral band was the n 
found and each of these values w,ere then multiolied by the integrat ed 
pe r cent of reflection va lues for each spectral bam! obtained from 
Fi gures 5 and 6. The features examined were t,/hite Sands gyosum sand, 
Al kal i Flats, l ava, and plants. 
Figure 104 shows a comparison of the spectral reflected radiation 
va lu es a t the ground surface compared to the ERTS-obta ined values cor-
r ec t ed for anisotropy. Since the Alkali 'Flat s cover avoroximately 60 
per cent of the 1-/hite Sands area, a weighted mean of 60 perc ent Al ka l i 
Fla ts and 40 percent 1-/hite Sands gypsum sands reflection is shown. The 
res ults show that the HSS subsystem obtained values are in peneral lower 
than the radiation values leaving the ground. Only the shortest wave-
lengt h band shows c lose agreement with the reflected radiation emerging 
from the ground su r face . This effect may be altrlbuted to Rayleigh 
scat t ering. 
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Figure 104. Comparison of MSS- obtained values (o) to radiation eme r ging 
from the earth's surface for the White Sands dune f ield 
and Alkali Flats. 
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Figure 105 . Comparison of MSS- obtained values (o) to radiation emerging 
from the earth's surface for green plants and l ava r ock . 
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Figur e 105 shows estimates of the reflec ted radiat ion from the 
ground per spectral band for plants and lava derived in a similar 
manner as d escribed for the gypsum sand and Alkali Flat s. From visual 
observa tions on the lava bed site, it was estimated that the surface 
cover consisted of 25 percent plant cover and 75 oercent lava. A 
weighted mean using these values for plants and lava is also sho,;n in 
Figure 105. Here the satellite-obtained data show greater radiant 
flux density values than that emerging from the ground surface . From 
these two examples it can be concluded that the radiation emer~inp. to 
space is le s s than that leaving the ground surface when high surfa c 
albedo is present such as over the l-lhite Sands area while the oDoosite 
effec t is found when the surface albedo is very low as found over the 
lava beds r eg ion. This effect agrees with the c ontrast cons i derations 
previously discussed. 
The t arget-background contrast C as defined by Mazur<>w-sld and Sink 
(1965) was used as: 
c (Nt - Nb)/(Nt + Nb) 
where: 
Nt target radianc e , and 
Nb background radiance. 
[8] 
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Here the White Sands area was considered the target and the l ava 
beds area was the background. The inherent contrast was calculated for 
the valu es at the ground surface using the values from Figures 104 and 
105 and the apparent contrast was found from the ERTS-obtained data. 
Results are shown in Figure 106. There is a marked decrease in con-
trast when examin ing the space-obtained values from the inherent con-
trast. The curves show a convergence as wavelength incre.ases . 
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Figure 106 . I nherent and apparent cont r asts wi th t he White Sands dune 
field and Alkali Fla t s as the target and the lava beds 
region as the backgr ound. 
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SUMMARY AND CONCLUSIONS 
A summary of the comparisons of the reflection characteristics 
for the different surfaces for which the indicatrices were developed 
is shown in Table 6. Land, snow, agricultural crops and desert 
surfaces which were examined in this study show similarities as well 
as differences in their reflection properties. The surfaces are 
listed in decreasing order for the particular reflection characteristic 
examined. 
A. Nature of the forward scatter: 
Both trends, an increase or a decrease of forward scatter can 
be found. 
B. Backscatter: Certain surfaces show a clearly defined anti-
so lar point characterized by a small zone of maximum reflectance and 
are listed in descending order of charity of the anti-solar point. 
Other surfaces show a broad patte rn of backscatter. 
The anisotropic correction factors, developed by integrating 
the indicatrices and representing the correction that must be applied 
to a normal reflectance of 100.0 percent to obtain hemispherical 
reflection can be summarized by grouping the factors for surfaces 
that exhibit similar reflectance patterns. Values for the anisotropic 
correction factors for mineral surfaces are shown in Figure 107. 
Alkali Flats and Bonneville Salt Flats show similar values which 
approach i so tropy at the highest solar angles. 
Table 6. Comparison of r eflection characteristics for the land, 
snow. a·gricultural crops and desert sur faces examined 
A. Nature of forward scatter 
1. Increase of reflectance from nadir an~le 
nadir angle = 90° 
Snow 
Alfalfa 
Sugar beets 
Corn 
Crested whea tgrass < 23° solar angle 
Sagebrush < 20° solar angle 
White Sands Alkali Flats 
Bonneville Salt Flats 
2 . Decrease of reflectance from nadir angle 
nadir angle = 90° 
Crested wheatgrass > 36. zo solar angle 
Sagebrush > 4 7. 4 ° solar angle 
Plowed field 
B. Nature of backscatter 
1. Anti-solar point clearly defined 
Plowed field 
Sugar beets 
Alfalfa 
Corn 
Sagebrush 
Crested wheatgrass > 36.2° 
2. Broad pattern of backscatter 
Crested wheatgrass < 23.0° 
Snow 
White Sands Alkali Flats 
Bonneville Salt Flats 
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Plowed fields show a steeper slope for the curve of the aniso-
tropic factors vs solar angle than found for the curve of the other 
mineral surfaces and show an approach to an anisotropic correction 
fac tor of 100 .0 percent for solar angle of app roximately 45°. Ac tual 
measurements were not obtainable for solar angles greater than 40.0° 
due to the maximum solar angle found during the time of the year 
that freshly plowed fields are available. 
The anisotropic correction factors for snow are included in 
Fi gure 107. The slope of the curve for snow is slightly greater 
than shown for plowed fields. 
Figure 108 shows the anisotropic correction factors found for 
all plant covers under investigation; agricultrual crops and desert 
surfaces . All values shown for solar angles greater than 60° have 
an anisotropic factor less than 100.0 pe rcent. Al falfa value s were 
not obtained for solar angles greater than 57.3° . The trend shown 
fo r alfalfa is toward isotropy at the higher solar angles. Alfalfa 
with its small but densely set leaves tends to reflect light more 
similarly to that from the crystals and particles found on the Alkali 
Flats and Bonneville Salt Flats than from the large leave s of the 
other crops. 
In general, the slope of the curve for the anisotropic correction 
factors for plant covers vs solar angle is steeper than found for 
mineral and snow surfaces. 
A consequence of the nature of the backscatter is shown in the 
an isotropic correction factors. The s urfaces exhibiting a clearly 
defined anti-solar point for high solar angles show correction factors 
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l ess than 100.0 percent. Since the Bonneville Salt Flats, Alkali 
Flats , and snow surfaces have a broad pat t ern of backscatter, the 
aniso tropic correction factors for these surfaces ar e never fo und 
to be less than 100.0 percent. 
In summary, 2TI reflec t ed radiation can we ll be determined by 
measuring reflectances at defined nadir angles relative to solar 
e levation and azimuth angles . To do so, the indicatrices have to be 
known and correction fac tors applied according to Figures 107 and 108. 
A grouping of surfaces that exhibit similar indicatrix pat t erns seems 
to be accep table. 
All of the indicatrices, with the exception of those over 
snow, were developed by taking measurement s with the Nimbus MRIR. 
For each surface a separate calibration constant was developed for 
the MRIR radiometer and was found to differ for individual surfaces. 
Examination of possible reason s for the different calibra t ion cons t ants 
showed the interaction of the spectral sensitivity of the MRIR with 
the spectral characteristics of the surfaces examined t o explain 
the largest part of the deviation be tween the constants. A possible 
shif t in the MRIR spectral sensitivity was also examined due to 
oxidation of the three r eflec ting surfaces in the optical system 
from the time of manufacture and was found to explain up to 5.7 
percent of the deviation. Other considerations such as t emperature 
effec t on the MRIR, degradation of the instrument during the time of 
the study period and the spectral sensitivity of the pyranometer 
used as a standard were found to be small or negligible in their 
effects. 
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Alkali Flats, Bonneville Salt Flats, plowed fi e ld, snow, 
agricultural crops, and crested wheatgrass all show a daily variation 
of a lbe do which increases as solar angle decreasesa However, the 
values presented in Figure 93 indicate that the daily variation of 
albedo fo r a sagebrush desert may show an opposite trend. Sand 
dunes as measured from aircraft indicate a s imilar trend. 
A comparison was made between estimated emerging radiation from 
the top of the earth ' s atmosphere and values of reflected radiation 
measured with the MSS subsystem of the ERTS program and corrected fo r 
aniso tropy . Some of the estimates were derived from calculations by 
Hullrich et al. (1965) accounting for Rayleigh scattering, scatteri •g 
on lar ge particles, and the reflectivity of the earth's surface. 
Other estimates were developed from calculations of Plass and Kattawar 
(1968) using Monte Carlo techniques to find the radiation reflected 
from the earth-atmosphere system with the Kondratiev and Elterman 
aerosol distributions incorporated into these calculations. The 
result s s howed that the estimates derived from the Plass and Kattawar 
(1968) calculations as well as those deri ved from the Bullrich et al. 
(1965) va lues for low turbidity agreed quite closely with the MSS 
values obtained from the ERTS program over the lava beds, for the 
White Sands Region, the MSS values were found to agree with a 
turbidity fac tor in excess of two. These results imply that there 
were more aerosols present over the White Sands area than over the 
lava beds region. The antecedent meteorological conditions verify 
this assumption. 
Comparisons were also made between estimated emerging radiation 
163 
from the surface for the same features and spectral bands to the value s 
sensed in space. The spectral albedos for the surfaces were derived 
from measured global radiation assuming a standard spectral distribution 
and the spectral characteristics of the surfaces measured by a Beckman 
DK-2A spectrophotometer in the laboratory. The results show that 
with the high surface albedo of the White Sands region, there is a 
decrease in emergent radiation to space while with low surface albedo 
over the lava beds region, the emergent radiation to space increases. 
These results agree with those found concerning atmospheric contrast. 
Contrast was calculated considering the White Sands region the target 
and the lava beds the background. The inherent contrast (calculat< , 
from the values of radiation reflec ted from the ground surface) 
was found to exceed the apparent contrast (found from the space--
obtained data) with a trend of increasing deviation between the two 
contrasts as wavelength decreases. 
From these results it is concluded that it is possible to 
determine the true albedo of a natural surface from any reflectance 
measurement taken from a flying platform af t er accounting for both the 
effects of the angular distribution of reflected radiation and the 
effects of the intervening atmosphere . Only after these considera-
tions are incorporated can satellite r eflectance data be intelligently 
interpreted . 
In addition the knowledge of indicatrices of reflec t ed radiation 
for several solar angles as shown in this study allows the deter-
mination of the daily variation of albedo for a given surface from 
a single reflectance measurement. Thus these results allow both 
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more efficient as well as more accurate utility of space-obtained 
r ef l ec t ed radiation data. 
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